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USE OF ACOUSTIC FIELD IN GAS CLEANING

D. Boulaud G. Madelaine and C. Malherbe
Laboratoire de Physique et de Métrologie des Aérosols
IPSN/DPT/SPIN
Centre d'Etudes Nucléaires de Fontenay-aux-Roses
BP n° 6, 92260 FONTENAY AUX ROSES, France

Abstract

The use of acoustic field in gas cleaning can be done according to two ways :
the first, is the conditionning of an aerosol by acoustic agglomeration before
filtration by conventional methods (cyclones, granular beds, «..)s the second, is
the collection efficiency improvement of granular bed filters exposed to an
acoustic field.

In a first part, experimental results are given on the acoustic agglomeration
of a polydisperse aerosol of mass concentration between 0.5 and 1 g/m®, An
important effect of wall precipitation of particles is described and deposition
velocity due to the presence of an acoustic field are measured as a function of
particle diameter, sound pressure level and acoustic frequency. A dimensionless
relationship between the deposition velocity and particle relaxation time is
established from these results. At the end of this part energetic criteria for the
use of acoustic agglomeration in a gas cleaning train is given.

In a second part experimental results are given on the influence of acoustic
field on the collection efficiency of monodispersed aerosols ranging from 0.1 to
1 pm,

For these both uses of acoustic field in industrial gas cleaning the
different alternatives for the acoustic field generation are discussed.

I. Introduction

Acoustic field can be used in two ways for gas cleaning :
- conditionning of aerosols by acoustic agglomeration in order to increase the
efficiency of prefiltering systems (cyclones, granular beds, ...)
- increasing filtering collection efficiency by applying acoustic field.

II. Acoustic agglomeration (AA)

IT.1., Introduction

The acoustic conditionning of-fine particles in an aerosol is a process by
which the fraction of particles having the smallest diameters vanishes through
agglomeration on large particles ; this phenomenon is induced by an acoustic
field. The corresponding variation in the particle size distribution is an
important factor as it allows the fraction which is most difficult to filter
directly to be eliminated. Conventional equipment located further downstream such
as cyclones, granular beds, ... can then be used to eliminated the agglomerates
formed.

Increased agglomeration rates leading to these rapid changes in size are due

to the increase in particles collision rates through particle and acoustic field
interactions.
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Acoustic agglomeration has already been successfully used for particle size
conditionning. Most of the experiments carried out are summarized in
E.P, MEDNIKOV's book (1965) (1). The subject has recently been the object of
renewed attention by D.T. SHAW (1976) and K.H. CHOU et al (1981) (2) (3). The
latter studies showed the effects of high acoustic intensities of the order of
160 dB (1 W/cm?) on agglomeration mechanisms,

II.2. Acoustic agglomeration mechanisms

Generally, the agglomeration equation describing variations in the
concentration of particles of volume x over time t can be written :

Sn(x,t) 1 *
T = 5/ K (y,x-y,t) n (x-y,t) n (y,t) dy
o ,

-1 (X,t)/ K (X,}’,t) n (yit) dy
(o]

The first term of the righthand member of the equation represents the
production of particles of volume x through collisions between particles of volume
y and (x-y).

The second term represents the vanishing of particles of volume x through
collisions with other particles, n (x,t) is the distribution function expressed as
a function of the volume of number of particles per unit volume of fluid at time
t 3 K (x,y,t) is the agglomeration coefficient for particles having volumes x
and y.

A knowledge of the coefficient of agglomeration is therefore entirely
sufficient to predict n (x,t) behavior when the conditions at the origin are
known. Unfortunately, the phenomena intervening in A-A are extremely complex and
four types of interactions must be combined :

- orthokinetic,

- hydrodynamic,

- turbulent inertial,

- turbulent diffusional,

in order to define an agglomeration coefficient that can be used in the preceeding
integro-differential equation.

II1.2.1. Orthokinetic interactions result from collisions between small particles
highly influenced by vibrations and large particles which are virtually
stationary.

In this case, the coefficient of coagulation has the following form :

N

- 1
Koc = Nt (a1 + a

2

)" E

oc M12 Ug

where N. is the large particle concentration, N_ the total concentration, a, and
a, the radii of the large and fine particles, p., the relative entrainment factor,
ED the collision efficiency and U_the vibrational velocity of the gas-medium.
Hio is a function of the vibrationf1 frequency and the relaxation time of the
particles. U_is a function of the acoustic Intensity, velocity of sound and
density of thé gas—-medium.
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11.2.2. Hydrodynamic interaction. This type of interaction is mainly resulting

from mutual distorsion of the flow fields around interacting particles. In this
case the agglomeration coefficient has the following form :

2
Rpg =™ (ap+ 2" Ery Vg
EI is the colision efficiency and Vre the relative velocities between
in%eracting particles. V has a comp}ex analytical form which is a function of

the vibrational velocityreof the fluid, the relative entrainment factor, the size
of the particles and vibrational frequency.

1I.2.3. Turbulent interactions. When the acoustic intensity increases (I > 160
dB), interactions due to turbulence in the fluid become very important and lead to
increased particles agglomeration. This type of interaction can be divided into
two categories : turbulent diffusional and turbulent inertial. In these
i{nteractions, the agglomeration process occurs in small eddies whose sizes are
characterized by the Kolmogorov microscale :

1/4

d = (v3/e)

where € is the time rate of energy dissipation of turbulence per unit mass and v
is the kinematic viscosity of the gas-medium.

In the case where particles are completely entrained by the fluid, the
agglomeration process can be treated by an approach identical to the diffusional
approach of Smoluchowski : In the opposite case the relative velocities of
particles must be taken into account as a result of their different inertias ;
collision likelihoods are increased in consequence.

11.2.3.1. Turbulent diffusional interactions. The hypothesis of particles being
completely entrained leads to a coefficient of agglomeration of the following
form :

KDT 2o (a1 + az)3 EDT (t—:/\))l/2

where EDT is the collision efficiency, often taken as unit for particles of the
same size.

11.2.3.2. Turbulent inertial interaction. The hypothesis of different degrees of
entrainment for particles of different size leads to a coefficient of
agglomeration of the following form :

p
. 2 g 3,,1/4
KzaE, (a5 +a)" (-7 ) (1, - 1)) (7/V)
P
where p and p_ are the respective densities of the gas and particles, T the
relaxatifn timePof particles 1 and EIT the collision efficiency.

A knowledge of the analytical forms of the different agglomeration
coefficients enables their variatioms to be predicted as a function of the
conditions imposed. In the K.H. CHOU et al article (1981), a parametric study as a
function of particle concentration, aerosol median diameter, standard deviation,
acoustic intensity and frequency, temperature and pressure is presented (3.
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However, these studies are based on a mainly theoretical approach of particle
collisions mechanisms under an acoustic field. Too scarce an amount of exploitable
experimental studies are available to confirm theoretical predictions.

This situation led our laboratory to engage in an exprimental study of AA in
order to determine the sensitivity of this phenomenon to various parameters
(acoustic intensities and frequencies, median diameters and standard deviations
associated with size distributions of aerosols, residence times in agglomeration
chambers).

During these experiments described in a first part of this article,
significant particle deposits were observed on the agglomerator walls ; this
phenomenon led us to undertake a specific study, described in the second part of
this article, of particles precipitation under the influence of acoustic fields.

IT.3. Experimental studies

IT.3.1. Acoustic agglomeration

IT.3.1.1. Experimental apparatus the experimental device used, sketched on figure
1, consists of the following elements :

- Agglomeration chamber : this is a 4 liter glass cylinder (diameter 7 cm,
length 100 cm). The aerosols produced are fed into the top of the tube at a flow
rate of 20 to 100 1pm, corresponding to a residence time between 12 and 2.4
seconds.

~ Acoustic source : a 100 W compression chamber (Bouyer 2 R 200) is placed
at the top of the agglomeration cylinder. This chamber is powered by a
low-frequency signal generator (Hewlett Packard 3310 A) combined with a 200 w
amplifier (Bouyer AS 240).

- Acoustic intensity measurement : this is performed by a Bruel and Kjaer
measurement line comprising a microphone (BK 4136), a preamplifier (BK 2619) and a
reading amplifier (BK 2609). The shape of the acoustic waves is monitored by an
oscilloscope.

- Aerosol source : a polydisperse aerosol is produced by pneumatic spraying
of dioctylphtalate (DOP) solution. Before entering the agglomeration chamber this
aerosol passes through a neutralizer, consisting of a krypton 85 source, to bring
the electric charge of the aerosol to Boltzmann's equilibrium.

- Measurement of the aerosol size distribution : samples are taken at the
bottom of the agglomeration chamber and measured by a cascade impactor (Andersen
Mark II), The impactor calibration and data reduction have been described in
earlier articles (BOULAUD et al 1981, BOULAUD and DIOURI 1982) (4)(5).

806



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

Acoustic agglomeration
Air
10
® S
@ ®

L5) 3 @

To vent

ONO,EE

NG

Acoustic deposition

Compressed
Air

To vent

®
@ O

il

® @

To vent

A

VOAG
an

=
®

+———%—-T—+

®

oPC

0) D.0.P solution (6
1) Nebulizer (%
2) KR B85 Neutralizer %
% Homogenization chamber (9
L) Filter (10

®

Glass testing tube
(7cm diameter,100cm long )

Valve

Cascade impactor @

Pump
Flowmeter
Speaker unit

Power amplifier

(12 Signal generator
Microphone

Measuring amplifier
Oscilloscope

Optical particle counter

Vibrating orifice aerosol generator

®
1
@

Figure 1 :

precipitation experiments

Experimental set up for acoustic agglomeration and acoustic

II.3.1.2. Experimental procedure. After measurement of the acoustic field in the

tube the DOP solution is atomized and injected into the system. When the
stationary state is established a first gsampling with the impactor in the absence
of acoustic field provides the original size distribution of the aerosol. The
measured values of the aerodynamic mass median diameter (AMMD) and standard
deviation (og) are reproducible, 1.5 pm and 1.75 respectively, whatever the
residence time chosen (3.8 or 8.6 seconds), which shows that agglomeration

phenomena other than acoustic are negligible. The mass concentration value can
vary slightly from one experiment to another, remaining within the 0.5 to 1 g/m3
range.

The above operation is then repeated but in the presence of an acoustic

field. This measurement gives the new aerosol size distribution after an
agglomeration period corresponding to the residence time in the tube.
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Figure 2 shows an example of the results obtained. Curve 1 represents the
original distribution, curves 2 and 3 the change in this distribution under the
effect of an acoustic field of rising intensity, 156.7 and 162.7 respectively, and
constant frequency 1020 Hz, the residence time in the agglomerator remaining
constant at 8.6 seconds.

Qualitative analysis of these results shows as expected that the AMMD and og
values increase with the sound pressure level. At the same time the mass
concentration of the aerosol falls sharply, due to deposition of the particles
on the agglomerator walls. This phenomenon, clearly apparent here, is hardly
mentioned in the literature except by K.H. CHOU and al (1982) (6).

dC (g/m3)
d (log Dae)

ts=8.65

15
1 c=19/m3
1-0dB
1=
2 -059g/m3
f =1020 hz
I =156.7 dB
0.5

3c-016g/m3
f = 1020 hz
I=1627 dB

1 11 I\t!HII i e 4l 1

0 1 10 ) 100
Aerodynamic diameter(Dae, um)

Figure 2 : Variations of the size destributions for different acoustic intensities
(residence time t = 8.6 g)

IT.3.1.3. Experimental results. Discussion. During these experiments the

characteristics of the aerosol introduced in the agglomerator were kept constant
at the values given in section IT1.3.1.2,, the variables being the residence time
in the agglomeration volume, the sound pressure level and the acoustic frequency.

Figures 3 and 4 show the AMMD and og variations after agglomeration as a
function of acoustic intensity for two different frequencies (540 and 1020 Hz) and
the same 8.6 seconds residence time. Figure 5 plots AMMD versus acoustic intensity
for two different residence times (8.6 and 3.8 seconds) at the frequency 540 Hz,

808



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

s|- Aerodynamic mass median R
diameter ( um)
o]
o A
L=
ESI: 8. 65 8 s o
3 o
2 2 N~
of = 540 hz 8 5
A
f =1020h e
24— a Z R 8
8
8 8
| | | | |
140 145 150 155 160

Acoustic intensity (dB)

Figure 3 : Aerodynamic mass median diameter after an 8.6 seconds agglomeration
time versus acoustic intensity, for two acoustic frequencies (540 and

1020 Hz)
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Figure 4 : Standard deviation versus acoustic intensity, for two acoustic
frequencies (540 and 1020 Hz)

From these three figures the following conclusions may be drawn :

- little variation in AMMD and 0g is observed between 100 and 140 dB,

- AMMD increases from 1.5 to 4.5 um between 140 and 155 dB, reaches a maximum
between 155 and 158 dB then drops suddenly when the acoustic intensity is raised
further,

= similarly og rises from 1.75 to 5 in the 140 to 160 dB range.

The influence of acoustic frequency on the AMMD and 0g variations is
insignificant in the 500 to 1000 Hz range, while the effect of residence time on
AMMD remains negligible except around the maximum. This tends to prove that
agglomeration phenomena are effective mainly during the first few seconds, then
diminish as the particles collide and their numerical concentration decreases.
This effect is enhanced by heavy particle deposits on the walls as shown on
figure 6, where the percentage aerosol mass deposition varies from 0 to 85% as the
sound pressure rises from 130 to 163 dB.
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Figure 5 : Aerodynamic mass median diameter versus acoustic intensity for two
different residence times (8.6 and 3.8 s) and constant frequency 540 Hz
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Figure 6 : Wall deposition versus acoustic intensity for two different frequencies
(540 and 1020 Hz). Residence time 8.6 seconds.

The maximum of the AMMD versus acoustic intensity curve (figures 3 and 5) may
also be due to these deposition mechanisms, as demonstrated in part II.3.2 below.

IT.3.2. Acoustic deposition. The aim here is to determine the relations between
the establishement of an acoustic field and the precipitation of an aerosol on the
walls of a pipe. For these experiments therefore, unlike those described in part
one, it was decided to keep the characteristic parameters of the aerosol constant
(diameter and standard deviation). For this purpose the aerosol is monodispersed
and has a low numerical concentration (under 50 particles/cm®) to reduce the
collision frequency when the acoustic field is applied.

IT.3.2.1. Experimental apparatus. The device used is represented on figure 1. The
components are the same as those of the previous set-up except for the aerosol
source and the numerical particle concentration measurement.

- Aerosol source : a monodispersed DOP aerosol is produced by a vibrating
orifice generator (TSI 3050). Before entering the precipitation chamber it passes
through a krypton 85 source neutralizer to reach Boltzmann's equilibrium,

- Particles concentration measurement : this is accomplished by a "Kratel
model 328" type spectrophotometer on samples taken at the bottom of the
precipitation tube.
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I1.3.2.2. Experimental procedure. Once the acoustic field has been measured in the
tube, the DOP aerosol is injected into the system. When the stationary state is
established a first concentration measurement is performed at the base of the tube
(C ), after which the operation is repeated but in the presence of the acoustic
£i121d. This measurement supplies the new downstream concentration value (C).
Assuming that the liquid DOP particles entering into contact with the wall are not
carried away again the particle fraction deposited in the tube is given by the
following expression :

Deposit (%) = 100 (1 - (c/co))

In this way, if the different wall precipitation mechanisms are considered
to be independent, the measured deposit can only be due to application of the
acoustic field.

11.3.2.3. Experimental results. During these experiments the geometry of the
precipitation tube and the fluid flow rate inside were kept constant (fluid
velocity = 12 cm/s), the variables being the particle diameter, sound pressure
level and acoustic frequency.

Figure 7 gives the results obtained for six diameters (0.7, 1, 2, 3, 5
and 7 um), three acoustic intensities (152, 155 and 158 dB) and two acoustic
frequencies (540 and 1020 Hz), representing 36 experiments altogether. From these
curves and for our experimental conditions the first conclusions are the
following :
- the wall deposition rate increases with particle size, sound pressure level and
acoustic frequency,
- for given acoustic intensity and frequency the deposition rate increases
abruptly between 0.7 and 2 um, then slightly between 2 and 7 um,
- for given particle size the deposition rate increases steadily with acoustic
intensity and frequency.

From these wall deposition curves an acoustically induced deposition velocity
(Ka) may be deduced, as follows :

4 L

Ka = Ln (C/Co)

where U is the flow rate of the fluid in the tube, D the tube diameter and
L its length. On figure 7 the Ka values are also plotted as ordinates.
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Figure 7 : Percentage wall deposition versus aerodynamic particle diameter, with

four acoustic intensities and two frequencies. The residence time being
8.6 s, Ka represents the acoustic deposition velocity.
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Figure 8 : Acoustic deposition velocity versus acoustic intensity for different
particle diameter. Acoustic frequency is constant 540 Hz,

A

On figure 8 the Ka values are plotted versus the acoustic intensity for
different values of pafticle diameter, in this case the acoustic frequency is
maintained constant (540 Hz).

11.3.2.4. Interpretation. More generally it is useful to relate acoustic
deposition rate to particles diameter through dimensionless quantities. For this
purpose a dimensionless acoustic deposition velocity is introduced, defined by :

1/4

K: = Ka/(e/v)

v being the kinematic viscosity and € the energy dissipated per unit time and
fluid mass due to turbulences -induced by the acoustic field.

To describe the inertial behavior of aerosols, caused by acoustically induced
turbulences, we introduce a dimensionless relaxation time defined by the
expression :

T+ = T.(e/\))ll2

with T the particle relaxation time being expressed by :

T = Cu D2 /18
P pP .

815



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

where Cu represents Cunningham's correction slip factor, Dp the particle diameter,
pp its mass per unit volume .and p the dynamic viscosity of the fluid.

By choosing the expression given by MEDNIKOV (1965) for e(1)

32 £y 032 52y

e = (I
( g g

where I is the acoustic intensity, f the frequency, p_ the fluid mass per unit
volume and C_ the acoustic wave propagation velocity in®the fluid, all the results

of figure 7 can be gixen in dimensionless form as shown on figure 9 where K has
been plotted against T . @

Fitting the points by a power function leads to the following expresssion :

K: = 0.031 + 0-471

for a T+ variation range between 10-3 and 1.

107
- Dimensionless deposition velocity K;'
[ P
o ."’fszf”'
102}~ RN L
- ) 4 o ° ¢
: cA T
10-3’:— ® K'5=0.031 t+ 0.471
1({4 i Lt aiaal i L apaal i L1 1 10l
10-3 102 10! 100

i . ) ) +
Dimensionless relaxation time T

Figure 9 : Dimensionless deposition velocity versus dimensionless relaxation time

816



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

This dimensionless relation, obtained under restricted experimental
conditions (constant tube geometry and fluid flow rate) remains to be confirmed
for different tube geometries (variable diameter) and varying aeraulic conditions
(different flow rates) ; after fitting with a correlation coefficient of 0.834 it
offers a first empirical approach to acoustic deposition phenomena if we take for
e the expression given by MEDNIKOV (1). In fact an exact knowledge of € is
essential to understand these mechanisms and we have now undertaken a specific
experiment to characterize the turbulences induced by an acoustic field (laser
doppler velocimetry of small particle).

11.3.3. Summary of experimental studies. Two phenomena occur when an aerosol pass

through a volume exposed to an acoustic field :

- a mutual agglomeration of particles resulting in an increase in the median
diameter of the aerosol and the corresponding standard deviation. These acoustic
field effects begin to occur at around 140 dB but only became significant above
155 dB. The value of the acoustic frequency has little effect in the 500 to
2000 Hz range. Particle should spent a few seconds in the agglomerator (1 to 3
seconds depending on the numerical concentration of the aerosol) ;

- a precipitation of particles on the wall of the volume ; this mechanism depends
on, the geometrical characteristics of this volume, fluid flow, level of
turbulences induced by the acoustic field and particles inertia.

I1I.4. Dimensioning an acoustic agglomerator

IT.4.1. Main characteristics of an agglomerator are therefore its volume (V) that
can be calculated from the flow rate of the gas been treated (Q) and the residence
time (t) necessary for an agglomeration

V=Qt
The energy (E) consummed per unit volume of gas treated is written :
E = I.S.t/Vn

where I represents the acoustic intensity, S the agglomerator cross section and n
the overall yield of the latter. E can also be expressed in the following way :

E=1t/Ln
where L represents the length or the height of the agglomerator (L =V/S).
I1.4.2. Energy criteria for AA. The use of an acoustic agglomerator in conjuction

with pre-filtering devices such as cyclones or granular beds should satisfy both
technological and energy criteria,

Energy consumption from acoustic agglomerator is an often cited disadvantage
weighing against this choice being taken at design level. Although the energy
criteria is not always the most important consideration, we shall develop an
approach to define a criterion of this type for a project in which a cyclone is or
is not used in conjuction with an AA system. A cyclone is designed in such a way
as to minimize aerosol penetration with constants such as overall cost and
pressure drops being taken into consideration. Penetration is defined as the ratio
between the total number of particles leaving the device per unit time and the
total number of particles entering per unit time. Optimization is achieved by
defining a criterion designated "efficiency factor" or "quality factor" q using
the following expression (7) :
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q = - 1n (Pn)/AP

where Pn represents the penetration of a particle of size Dp and AP the pressure
drop accross the device. This quality factor can be considered to be a measure of
the volume of gas cleaned per unit energy.

In our particular case, we therefore should compare the performance of a
cyclone used by itself

Pn1
Dp1
mssmal cyclone » 9 = -ln (Bn;)/8P)
AP1 AP1 = pressure drop across cyclone 1

with that of a cyclone when used in conjunction with an acoustic agglomerator.

Pn

2
Dp1 Dp2
s AA i »— cyclone -
_ APAA AP2

q, = - ln(Pnz)/(AP2 + APAA)
APAA is the equivalent pressure drop associated with the operation of the AA.AP2
is  the pressure drop across cyclone 2.

We suppose that the agglomerator only modifies the size of the aerosol
(Dp1 => Dp,) but does not introduce a retention factor. Furthermore, for
demonstrat%on purposes only monodispersed aerosols having an initial diameter Dp1
and a final diameter Dpz. after passing through the AA have been considered.

The penetration in a cyclone can be expressed by the foklowing formula (8) :
Pn = exp [— 2 (CIJ))I/(ZTl + 2)]

where ¥ is an inertial parameter dependant on the particle relaxation time, the
fluid velocity at the inlet of the cyclone and on a dimensional characteristic of
the cyclone, C is a correction coefficient and n a parameter "Vortex exponent"
empirically related to the characteristic dimension of the cyclone.

Under these conditions, our two cases have the following quality factors
respectively :

q k1 (Dpf)ll(2n+2)/APl

k, (1)p§)1/(2“+2)/(AP2 + 8P, ,)

k., and k, being constants depending on the geometrical characteristics of the
cyclone and aeraulic conditioms.

LY
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The energy criterion for the acoustic agglomerator thus impose that q, > qy

2. 1/(2n+2)
. k2 (Dpz) X AP2 + APAA
kz (Dpf) 1/(2n+2) AP1

This shows that the AA must increase the Dp, size of the aerosol up to Dp, while
introducing a pressure drop APAA so that the above defined condition is respected.

In order to make the preceeding relation explicit, the parameters k., ko,
AP., AP, and AP,, must be formulated. For simplification purposes, we illustrated
the posSible case where the cyclones and gas flow rate to be treated are, in both
cases, identical ; this leads to :

kl 2 k2 APl = AP2

Under these conditions (9)

2

c (SHEPPERD and LAPPLE, 1940) (9)

2
APy =80, Q /abD
where Q represents the flow rate in the device, p_ the density of the fluid and
a, b, and Dc the characteristic dimensions of thegcyclone (LEITH and METHA, 1973)
(10).

In the case of AA, it is possible to relate the power Pu dissipated at a flow
rate Q through the associated pressure drop APAA.

Pu = Q.APAA

The power dissipated is itself related to the acoustic intensity (I) and to
the cross section of the agglomerator (S) by the relationship :

Pu = I.S/n
where n represents the overall yield of the AA, i.e. APAA = 1.8/Qn.

By introducing a residence time (t) in the AA and the heigh (L), the explicit
criterion can be written :

1/n+1
(Dpz It/Ln

— > + 1
Dp) 8o, Qz/abDi

Which defines the condition that an acoustic agglomerator must satisfy for
the case of monodispersed aerosols.

For polydispersed aerosols, the penetration expression takes the integral
form which alters certain details in the calculations but does not modify the
reasoning developed previously.

This type of approach thus provides definition of an energy criterion to
determine whether or not an AA should be used upstream from a cyclone or other
cleaning device. Nevertheless, energy is not always the decisive criterion, in
particular for devices operating under accidental conditionms.
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III. Acoustic filtration

ITII.1. Introduction

As already mentioned in the preceeding paragraph, in order for acoustic
agglomeration effects become appreciable, it is necessary to induce high mass
concentrations because coagulation mechanisms are proportional to the square of
the numerical concentration of the aerosol. This fact tends to limit AA
applications to very dusty gas. The aim of filtration in an acoustic field is to
exploit the deposition phenomenon previously observed by increasing the walls
surface/volume ratio through interposing a granular bed or a fiber bed exposed to
an acoustic field in the path of the fluid charged with particles.

With such an effect, it is possible to increase the collection efficiencies
of prefilters (granular beds, fiber beds) for particles with diameter of less than
5 um without affecting the depth of filtration. This property leads to the
advantages of equivalent performances with less bulky equipment and reduced volume
of matter requiring treatment (this is particularly true for granular beds where
granules are regenerated).

The phenomena of filtering in an acoustic field is still little known and few
experiment have been performed in this field. The first studies were carried out
in 1969 by BEECKMANS et al on a granular bed (11). These qualitative experiments
led to a marked increase in collection efficiency. The same authors renewed their
attention to this kind of test in order to apply it to flat filtering media
(NGUYEN and BEECKMANS (12). More recently, we performed some experiments on a
laboratory scale in order to demonstrate that the filtering efficiency of a
granular bed could be significantly improved by exposing it to a high intensity
acoustic field (BOULAUD et al 1982) (13). We have also in collaboration with the
University of Paris XII engaged a study for investigating the filtration
mechanisms involved with granular beds in the presence of acoustic field.

IIT.2. Acoustic filtration mechanisms

In 1974 NGUYEN and BEECKMANS determined the various mechanisms intervening in
fiber media filtration with an acoustic field (12).

* Impaction mechanism is enhanced due to a slgnificant increase in the
instantaneous velocity of particles by the acoustic field ; as a result:
particles in the vicinity of a fiber can be projected on to this latter.

* Interception mechanism is also enhanced because the "apparent" cross section
of a particle is increased by vibrations.

* Diffusion mechanism is also enhanced because by inducing turbulences in the gas,
the acoustic field increases the diffusion coefficient of the particles,

The results of the studies performed can be expressed in terms of an acoustic
efficiency (na) defined in accordance with the following relation as a collection
efficiency due“solely to sound :

l-=n=(@0=n) (=n)
n 1s the collection efficiency of the filter in the presence of the acoustic

field and n_ the efficiency of the filter under the same conditions but without
0
the acoustic field.
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In this case, the variations in n as a function of the various parameters
involved are the following : a
- a reduction due to increased frontal velocity,
- an increase with increasing particle size,
- an increase with increasing acoustic intensity
- the obtaining of a maximum n_ value by placing the filtering medium at a maximum
wave amplitude. a

More recently, TAVOSSI (1984) has theoretically studied the effect of an
acoustic field on the collection efficiency of a granular bed and established a
relation applicable to the turbulent diffusion of particles.

1I1.3. Experimental studies

III1.3.1. Preliminary experiments were conducted to demonstrate the feasibility of
increasing the collection efficiency of a granular bed by exposure to an acoustic
field.

The infrastructure employed is exactly the same as that already described
(figure 1). In addition, we have included in the middle of the tube a granular
bed, 20 cm high (glass pebble diameter : 0.3 cm).

The pneumatic atomizer enables concentrations of the order of 50 mg/m® to be
obtained upstream from the granular bed. It is possible, in this way, to perform a
direct detection downstream from the filter using a Sinclair Phoenix type
photometer (it is recalled that the mass median diameter is of the order of 1.5 ym
with a standard deviation of 1.75). Under these concentration conditioms, the
mutual agglomeration of particles during the residence time in the tube can be
considered negligible.

In this demonstration experiment partial results have been obtained. The
first column of table 1 indicate the values of the most important experimental
parameters (I : acoustic frequency at the face upstream from granular bed ;

f : acoustic frequency ; V : frontal velocity). The last columm gives the value
obtained for the collecion efficiency (E) under these conditioms.

Table 1 : Acoustic filtration

I f \'/ E
dB Hz cm/s %
0 - 5 62
0 = 10 58
163 550 5 90
163 850 5 90
169 550 5 99.994
169 550 10 99.96

These experimental facts thus suggest that an inefficient filter (E = 60%)
can become efficient (E = 99.994%) by applying a very high intensity acoustic
field.
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III.3.2, Currently conducted experiments. The first experiments carried out gave
very promising results. In consequence a theoretical and experimental study of
acoustic filtering mechanisms was undertaken in collaboration with the University
of Paris XII.

IIT.3.2.1. Experimental device. The infrastructure of this device is the same as
that already described but its size and operating conditions are however
different.

The main part of our device consists of a two meter high, 15 cm diameter
glass column in which we have installed our granular bed having the following
characteristics : glass pebble diameter 0,2 cm ; bed thickness 22 cm ; porosity
0.35.

Experimental conditions and working parameters

- the flow rate through the bed ie in the range of 3 to 40 m3/h. The superficial
velocity is in the range of 4 to 50 cm/s under standard ambient atmospheric
conditions ;

- the maximum acoustic intensity attainable upstream of the bed is about 153 dB in
the frequency range 400 Hz to 3000 Hz ;

- modonodisperse oil aerosol (DOP) could be generated in the size range 0.05 um
to 15 pm,

The particle concentration is analyzed using a condensation nuclei counter
for submicronic aerosols and an optical counter for larger particles.

I1T.3.2.2. Experimental results., Initially we have determined the collection
efficiency of our granular bed, under given experimental conditions, using the
theoretical overall collection efficiency reviewed by us (TAVOSSI and al. 1983)
(15).

Our main interest in the first step of this study is the minimum collection
efficiency. For the size range corresponding to this minimum (0.1 pm to 0.3 pm)
and for the superficial velocity of about 5 cm/s the calculated value is 16%.

Our experiments were performed with aerosols in the size range mentioned
above. The range of particles concentration was from 50 000 to 100 000 particles
per cc.

Preliminary experiments were aimed at measuring collection efficiency without
acoustic waves. The results of these investigations are in good agreement with
calculated values. For example for an aerosol diameter of 0.3 ym the mean value of
the experimental collection efficiency for forty runs was 16.5% with a standard
deviation of 3.87%.

The above experimental investigations were repeated in the presence of
acoustic waves. The first results demonstrate that there were significant
increases in collection efficiency for the size range corresponding to the minimum
in efficiency. But this effect was not observed below an acoustic intensity level
of about 145 dB which suggest the existence of a threshold intensity. For example,
for a diameter of 0.3 pm, (the most penetrating size in this case), an acoustic
frequency of 400 Hz and an acoustic intensity level upstream of about 153 dB, the
collection efficiency was about 60% under the above described experimental
conditions this is more than three times the value obtained in the absence of
acoustic waves,
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I1I.4. Conclusions

These significant results have encouraged us to undertake further detailed
experimental and theoretical investigations in order to discover the exact
relationship between, collection efficiency, acoustic parameters (intensity,
frequency, propagation direction etc.), particle size and flow characteristics of
the system.

IV. Acoustic sources

Five important methods exist for generating high intensity acoustic waves :
- crystals and piezoelectric ceramics,
- vibrating membranes or vibrating pistons,
- resonant pipes or cavities (statical generators),
- sirens (dynamic generators),
-~ pulsed jets.

The first two types of device are mainly used in laboratories for relatively
low powers. The last three types of generators are used industrially and enable
large levels of power to be achieved.

The choice of acoustic source will obviously depend on the thermalhydraulic
conditions under which the device with acoustic effects is intended to operate and
on the need to introduce or not to introduce supplementary fluids (pulsed jets,
sirens, resonant cavities).

As far as this last point is concerned, the systems installed in a cleaning
circuit may employ the fluid to be treated as an energy source for the acoustic
generator. It is thus possible to design for example : sirens operating with the
totality of the fluid to be cleaned ; resonant cavities installed inside the
flow of gas to be treated.

V. General conclusions

The various elements grouped together in this study demonstrate the various
advantages offered by acoustic field for gas cleaning. Although the technical
feasibility and operating conditions associated with the use of acoustic
agglomeration are now better know and understood, studies of collection efficiency
increase by filtering media in acoustic fields have only been partially completed
and many aspects still requise further work.

The economic aspects of these systems in cleaning trains still have to be
optimized and criteria determining whether or whether not such systems should be
employed remain to be defined (a first approach has been elaborated in this
paper). A useful application of these systems, would however be, to employ them in
cleaning devices intended to operate under accident conditions (fires, accidental
release of aerosols).
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REMOVAL OF RADON DECAY PRODUCTS WITH ION GENERATORS
- COMPARISON OF EXPERIMENTAL RESULTS WITH THEORY

E.F. Maher, S.N. Rudnick, and D.W. Moeller
Harvard Air Cleaning Laboratory
Boston, MA 02115

Abstract

The potential of ion generators to remove radon decay products
from the airspace of residences or mines was investigated both ex-
perimentally and theoretically. A positive ion generator, %roducing
an air ion current of less than 2 upA and operated in a 78 m® chamber
with air exchange rates ranging from 0.2 to 0.8-hr—1 and relative
humidities ranging from 20 to nearly 100%, reduced the concentrations
of airborne radon decay products by as much as 85%. A negative ion
generator, operated under the same range of conditions, was less
effective, producing airborne radon decay product removals up to 67%.
Experimental results compared favorably with a simple theoretical
model that hypothesizes a three-part process: 1) radon decay pro-
ducts, as well as aerosol particles to which some of these decay pro-
ducts attach, are charged by diffusion of the air ions produced by
the generator; 2) the air ions also produce a nonuniform space charge
in the chamber that results in an electric field gradient radially
outwards from the generator to the chamber surfaces; 3) because of
the influence of this electric field, the charged decay products and
particles migrate toward nearby surfaces where they plate out. The
net benefit of unipolar space charging is a substantial decrease 1in
the steady-state radon decay product concentrations in the airspace
with a corresponding reduction in the lung dose equivalent to the
occupants.

Introduction

The single greatest source of radiation exposure to the
general puplic is from naturally ocecurring airborne radlonuclides
inside residences (1). 1Inhalation of the short-lived decay pro-
ducts of radon (Rn-222), i.e., Po-218 (RaA), Pb-214 (RaB), and
Bi-214 (RaC) account for nearly all of the public's annual lung
dose equivalent, which by recent estimates 1s 3 rem/y (0.2 WLM/y)
to the bronchial epithelium of an average adult member of the U.S.
population (1,2). Epidemiological investigations on uranium miners
have produced convincing evidence that prolonged inhalation of radon
decay products is associated with an increased risk of lung cancer.
Risk projections reported by the National Council on Radiation Pro-
tection and Measurements (NCRP) (2,3) have suggested that radon decay
product induced lung cancer may account for as much as one fifth of
the spontaneous lung cancers in the nonsmoking population. Higher
estimates have been hypothesized by other groups (4,5,6): however,
these estimates differ only by a factor of 5 or less.

The current interest in radon in residences is due to the con-
cern that has been expressed by public health officials regarding
increased public exposures from all types of indoor air pollutants
due primarily to deliberate reductions in the natural air infiltra-
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tion rates ol US homes for energy conservation purposes (7). A
recent NCRP study has concluded that indoor exposures to radon and
its decay products are typically several times greater than those
outdoors, with extreme differences as much as two orders of magni-
tude possible in some highly contaminated homes (2). Most often,
these high exposures are assoclated with dwellings built over soils
with higher-than-usual radium concentrations resulting from natural
geological formations, radon intrusion from ground water sources (8),
or through technological enhancement of existing natural radiation.
Despite a few isolated instances where mining wastes were improperly
utilized (9, 10), the greatest single component of the collective
dose equivalent to the US public is due to natural-occurring sources
of radon (2,5). ’

In the past, indoor radon and decay product exposures have been
inadvertently low because typical air infiltration rates of homes
were generally greater than 1 hr—l. These rates were sufficient to
dilute radon gas accummulations. However, increasing energy costs
and federally sponsored energy conservation programs have spurred a
gradual reduction in residential air infiltration rates. The con-
tinuation of these trends in the foreseeable future and because
most individuals spend 80-90% of each day indoors will, in all pro-—
bability, mean increased radon and decay product concentrations in-
doors and still greater radiation exposures to the general public.

The potential health consequences associated with these trends
have emphasized the need for exploring low-cost remedial air treat-
ment for reducing indoor radon decay product exposures. One poten-
tial, yet untcsted, alr treatment method is unipolar space charging
through air ion generation. Compared to more traditional air
cleaners, ion generators are inexpensive to own and operate, produce
no noise or air movement, and are simple to install. Their de-
monstrated effectiveness in reducing radon decay product exposures
would represent an attractive alternative to other forms of remedial
control technology.

The objectives of this paper are two-fold. The first is to
report the results of an experimental study that evaluated the
effectiveness of unipolar space charging for removing radon decay
products from the airspace within a full-scale simulated residence.
The second objective 1s to compare the experimental results to the
predicted results obtained with a analytical room model that de-
scribes the decay product removal in terms of the physical procegses
involved.

Theoretical Considerations

The role of small air ions and charged condensation nuclei in
the environment has been studied by aerosol scientists for the past
50 years. Early investigators have shown that uniform concentra-
tions of unipolar air ions inside an enclosed air space will decrease
with time owing to the mutual replusion (electrostatic scattering)
of the ions and theilr eventual deposition onto surfaces (11-15).
Without a continuous source of ions present, the air ion concentra-
tion will ultimately become very small, i.e., less than 200 cm'3; fhe
residual concentration attributable to ion production from natural
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packground radiation. Unipolar charged condensation nucleil will ex-
<1 similar behavior except that the rate of concentration decr- -
+° . re slower because their electrical mobility is smaller than

WS

Particle Removal due to Unipolar Space Charging

Tn the presence of a continuous point source of unipolar ions,
the concentration of ilons at radial distances from the source will
decrease as described by solution of Poisson's equation assuming
conservation of ions and a spherical room geometry. The ion con-
centration at a radial distance, r, from the source has the form
(11-12):

1/2 -%2
(3 0/2 2) r (1)

N.(r) =
]

4% ]

where:

=
"

., " -3
Air ion concentration, cm

o
]

Ion generation rate, stA.
-1
Ion electrical mobility, cm 2/stV & s.

N
n

q
1]

kadial distance from ion source, cm.

-10
Electron charge, 4.80 x 10 stC.

=)
"

The nonuniform space charge distribution creates an electric
field gradient that is also a function of radial distance from the
ion point source. According to Whitby and McFarland (11-12), the
electric field strength, E (stV/cm), at a radial distance, r, from
a point source of ions is:

: /2
E(r) = (20/3Z 1) (2)

Aerosol particles within the enclosed airspace will become

charged to the air ion polarity through diffusion charging by the air
ions (16-19). The number of elemental charges acquired by a particle
can be approximated by White's diffusion charging equation (16);

d kT
"p(t) = =P LN ( EXp(2 qoez/dp kKT) +e? d, Ni v t/2kT) (3)
2 e?
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where:

np(t) = number r! elemental charges acquired in t seconds.

dp = particle diameter, micrometers.
~10
e = electron charge, 4.80 x 10 , stC.
-18
k = Boltzmann’s constant, 1.38 x 10 dyn % cw/ K.

T = absolute temperature, °K.

n, = number and polarity of elemental particle charge at t=0.

= ) -3
N; = air ion concentration, cm™ .

-1
vi = thermal speed of air ions, cm A s .

t = charqing time, s.

In the presence of a very strong ion source it can be assumed
that the concentration of air ions is much greater than the aerosol
particle concentration, so that the space charge and electric field
contributions from the charged particles are negligible compared to
those due to the air ions.

Once charged, the particles will move radially outwards along
the electric field gradient towards the boundary of the enclosure and
eventually deposit on the inner surface with particule flux, g..

We have assumed for this analysis that particle surface lossesPdue to
molecular diffusion, impaction, and gravitational setting are small
enough to be ignored. The particle deposition velocity at the inner
surface of the boundry, v., 1s related to the particle electrical
mobility, Z_. and electrig field strength, E, by the familiar re-
lationship:p v. =17 .E.

p P

The particle electrical mobility and hence the particle de-
position velocity are dependent on the number of elemental charges
acquired by the particle and the particle diameter. The particle
flux at the boundary of the spherical room can be directly related
to the aerosol number concentration, N_, and the deposition veloc-
ity, v_, which in turn, can be relatedPto the particle electrical
mobili%y and electric field intensity at the boundary. For a

sperical room of radius, R, the flux is;
2

% = VpNp = Z, ER) (4)
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The rate of particle deposition can be determined from the
flux and surface area, A, of the sphere &s follows:

<pr=-l41rR22pE(R)Np (5)

Since at any instant, the rate of particle loss from the air-
space must equal the deposition rate, then:

dN
b3 RS —P = 4o R2Z ER)N (6)
dt P P
Upon combining equations (2) and (5) and integrating equation

(6), the particle removal constant, T , (analogous to a radlological
decay constant) can be expressed: P

Po=- g R'3/2(6Q/Z)1’2 (7)

Rddon Decay Product Removal Constant

The results of equation (7) can be used to obtain a removal
constant for radon decay product activities, however, it is first
necessary to make some relational assumptions regarding the decay
product activities and the particle size of the host aerosol.
Ideally what is needed 1s a relationship linking some descriptive
measure of the aerosol size distribution to the radon decay product
activity.

Raabe (20) has reported that the kinetic theory of gases best
describes the attachment state of radon decay products to submicro-
meter aerosols, i.e., the attachment probability is proportional to
the aerosol number concentration and the square of the particle
diameter. His results are applicable to low radon concentrations
where the decay product diffusion gradients about the aerosol par-
ticle are negligible. These conditions generally typify indoor
environments in that the decay product number concentration is always
much smaller than the aerosol number concentration. Several in-
vestigators have measured the attachment status of the radon decay
products to submicrometer aerosols and have found good agreement with
Raabe's conclusions (21, 22, 23).
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In accordance with Raabe's work, the descriptive measure for g
polydisperse aerosol which would directly relate to the attached
radon decay product activity is the diameter of average surface area,
asa, which for a grouped particle size distribution of n groups is

calculated as follows: i ; ;2 o /
y N_do /NC[Y]? (8)
{;=l b p p
where,

j
Np nusber concentration of the i-th particle size group.

Ng total aerosol number concentration, cm. -?
.i

dp characteristic diameter of the i-th particle size group.

For modeling purposes, we made the assumption that the radon
decay product removal constant due to unipolar space charging can
be calculated by equation (7)s using the diameter of average surface
area (DASA) for the chamber aerosol.

Decay Product Concentrations Model

Radon decay product air concentrations inside a well-mixed
volume, V, can be modeled by a series of first order, linear
differential equations containing rate constants that account for
all known sources and sinks for the decay product atoms (24,25). For
our purposes, we have included in the room model a removal term for
decay products due to unipolar space charging. This term is equiva~-
lent to the particle removal constant calculated in equation (7),
using the diameter of the average surface area for the host aerosol,
and is treated simply as another sink for radon decay products. The
steady-state solutions for the n-th decay product airborne concen-
tration can be expressed as follows (26);

o)z & X An (9)
G (=) V()\°+I.,),:,[:.[, M+l +Py + T, )

where;

Activity air concentration of the n-th decay product, pCi & 1
1

(g ]
=
[}

Radon (Rn-222) decay constant, min~

> >
o
] ]

Decay constant for the n-th decay product, lin-l
= Room air infiltration rate, min '

Radon source emanation rate, pCi & lir'i'1

|~
[}

P = Surface plateout constant for the n-th decay product, lirTI

<
H

Room volume, liters
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' = Space charge removal constant for the n-th decay product, min
n

The term outside the product portion of equation (9) represents
the steady-state radon air concentration. The removal rate constant
for ventilation or alr infiltration, I_, was assumed the same for
each decay product. The plateout ratevconstant, P_, denotes the re-
moval rate of alrborne decay products by deposition onto room sur-
faces via diffusion. The plateout constants used in the model were
derived from measurements described elsewhere (26).

Experimental Methods

Sampling Chamber Description

Experimental tests were conducted in a 78—m3 chamber that,
except for its painted metal walls, resembled a room in a typical re-
sidence. Air infiltration was controlled at 0.2, 0.5, and 0.8 air
changes per hour by exhausting air from the chamber through a cali-
brated venturi flowmeter. The accuracy and repeatability of the air
exchangerates were verified by sulphur hexafluoride (SF,.) tracer
measurements. Makeup air infiltrated from adjoining rooms through
pores in the walls, floor, and oeiﬁing and also around door
jams and window seals. 1.259 x 107 pCi/min of radon was introduced
into the chamber through a distribution manifold designed to simulate
radon intrusion from soil beneath a home and to facilitate mixing of
radon with the chamber air. Concentrations of radon and 1its decay
products in the chamber under no-treatment conditions ranged from
0.05 to 0.40 Working Levels (WL) and are representatives of con-
centrations in highly contaminated homes where remedial control
would be indicated.

The relative humidity of the air in the chamber was selected
and controlled by a LiCl humidity sensor that activated two steam
vaporizers which could add moisture to the room air. The controll-
able humidity range was 20-98%. The room air temperature was con-
tinuously monitored and varied between 20-26 ©C. The aerosol prop-
erties of the chamber were not controlled but were measured during
testing by an eleven-stage, screen-type diffusion battery in con-
junction with a pair of Pollak condensation nuclei counters. A
light-scattering particle spectrometer was used to measure the con-
tribution of particles greater than 0.3 pm. The instrumentation per-
mitted particle size distribution measurements throughout the size
range of 0.001 to 3.0 um. Particle size distributions were derived
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from a reconstructive linear algorithm (29). The diameter of the
average surface area (DASA) was then calculated from the grouped
particle size data. The chamber aerosol was approximately bimodally
distributed (Figure 1) with mode dilameters of 0.006 and 0.04-um.

The diameter of the average surface area (DASA) was 0.065-um, and 3
the condensation nucleil concentration ranged from 6000 to 110000 cm >,
A detailed description of the experimental apparatus and chamber
characteristics 1s given elsewhere (26).

Radon .and Decay Product Measurements

Radon and Radon decay product concentrations were determined
from air sampling at two locations from the chamber. These locations
are referred to as the exhaust and wall ports in Figure 2. The ex-
haust port was connected in parallel with the exhaust blower used to
establish the chamber air exchange rate, while the wall port was a
simple wall entry some 2.5 meters away. Each port consisted of a
plastic adapter into which an open-face filter holder could be in-
serted. A comparison between the decay product concentrations
measured at the exhaust and wall sampling ports was made using a
simple paired-t-test and showed that the concentrations were identi-
cal, thus verifying that the chamber was well-mixed. Radon decay
products were sampled at 14-18 lpm onto 50-mm diameter membrane
filters (0.8-um pore size). Sampling times ranged from 5 to 20
minutes depending on the concentration of decay products in the
chamber.

The counting and calculative procedures were based on the
modifled Tsivoglou methods described by Thomas (27). This method
consists of counting the sampling filter alpha-activity over three
different counting intervals and then solving three simultaneous
equations for the airborne RaA, RaB, and RaC concentrations. The
three counting intervals chosen were 1-5, 7-27, and 35-55 minutes
after the end of sampling. These intervals are longer than those
recommended by Thomas and resulted in improved precision estimates
when measuring low decay product concentrations. Air samples for
radon were collected from the exhaust port through a filter into an
evaculated 100-cm3 scintillation flask and counted using the method
of Lucas (28).

Ion Generation System

The ion generator system tested was specifically designed for
research applications and was capable of producing both positive and
negative air ions (30). The entire device consisted of a control
module with output connectors for positive and negative electrodes
‘and 30-ft extension cables. The control module was mounted outside
the chamber while the electrodes and cables were passed Through the
chamber wall and suspended 1 meter down from the center of the cham-
ber ceiling. The ion generator output was continuously variable over
its entire voltage range by a rheostat control. Operating parameters
and manufacturer specifications are given in Table I:
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Table I: Ion Generator Specifications.

Ion generator Voltage Ion Outputx Power (W)
Polarity Range(kV) Rating (cm ™) Consumption
Positive 4.15-15.7 8,000-425,000 5-10
Negative 3.85-15.8 11,000-425,000 5-10

% Output at 1 meter and 30X relative humidity.

The specifications in Table I were taken from literature
supplied by the manufacturer or through direct communication with
a company representative. The actual air ion output was found to
vary substantially with relative humidity and, to a lesser extent,
the dust concentration in the chamber. Since exact knowledge of the
ion generator output was crucial to these investigations, we con-
structed an air current monitoring circuit as suggested by the ion
generator manufacturer (31). The circuit consisted of placing an
electrostatically shielded, direct-current microammeter in series
with the high-voltage output of the ion generator. Two microam-
meters, with ranges of 0-10 and 0-50 uA, were alternately used,
depending on the generator output and relative humidity, to measure
the air current originating from the electrode. The meters were
shielded from electrostatic effects by covering them with copper
screening and grounding one terminal to the wire screen. Since the
impedance of the meter was negligible as compared to that ex-
perienced at the output electrode, the performance of the ion genera-
tor was unaffected by the current monitoring circult.

Results

Measured Decay Product Reductions

The effect of unipolar space charging on the airborne concen-
trations of the radon decay products within the chamber are summarized
in Figure 3. The bar graphs represent mean values for percent Work-
ing Levels (WL) and airborne concentrations of Po-218 (RaA), Pb-214
(RaB), and Bi-214 (RaC) remaining relative to the no-treatment con-
centrations following negative and positive ion treatment. (Radon
concentrations were not affected by the air ion treatment). All
results represent measurements taken after steady-state conditions
had been reached. The 95% confidence intervals obtained by radomized
replication of experiments are indicated by the lines extending above
the bars. The relative humidity in the chamber ranged from 30-65%
with no statistical difference discernable in the treatment effec-
tiveness within this range. The air ion output remained stable at
1.4 and 1.2 pA for negative and positive ion production, respectively.
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Figure 3: Measured Percent of Radon Decay Products
Remaining Following Negative and Positive Air Ion
Treatment. (a) Radium A (Po-218), (b) Radium B
(Pb-214), (c¢) Radium C (Bi-214, and (4) Working
Level Air Concentration. Ton Current: 1.2 pA (+),
1.4 pa (-). Open bars are for 0.2, cross-hatched
bars are for 0.5, and solid bars are for 0.8 air
changes/hour.
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Positive air ion treatment was decildedly more effective in
reducing airborne decay product concentrations than negative 1ion
treatment, despite the fact that the positive ion output was 30%
ljess at the same electrode voltages. We speculate the reason for
this difference stems from the charge status of the Po-218 and Pb-21}4
decay products which tend to be positively charged due to the strip-
ping of orbital electrons upon alpha-decay of thelr regspective radlo-
active predecessors (32,34). Since these decay products and host
aerosol can already possess a single positive charge, they immediate-
ly become more conduclve to being electrostatically scattered by a
positive space charge than uncharged or oppositely charged decay
products. With negative air ion treatment, uncharged and positively
charged decay products and host aerosol particles must first attain
a negative charge by diffusion charging before the space charge
electric field can promote thelr deposition onto chamber surfaces.

The overall enhanced working level reductlons with positive,
as opposed to negative, air ion treatment were primarily attributed
to greater space charge removal of Pb-214 (RaB) as compared with
Po-218 (RaA). Although the space charge removal rate constants for
RaA and RaB calculated from measured data were approximately equal,
the relatively large decay constant for RaA, i.e. short half-1life
(3.05 minutes), rivals the space charge removal rate. As a result,
the latter's influence on the airborne RaAh concentration is not as
dominanht as its effect on the RaB concentration. Consequently,
steady-state decay product reductions from air ion treatment depend
not only on the magnitude of the space charge removal constant, but
also on the comparative magnitude of other mechanisms (sinks) pre-
sent, e.g. radioactive decay, ventilation, plateout, etc.

Upon discontinuation of ion treatment, the radon decay product
concentrations eventually returned to thelir no-treatment levels.
For trials involving negative ion treatment, the time constant for
this process was longer than expected from theory (25) or that ob-
served with positive ion treatment. The application of an anti-
static spray to the chamber surfaces hastened the return to no-
treatment conditions. This phenomenon suggests that ion treatment
imparts a residual charge to the chamber surfaces that transiently
persists long after the air ion source has been removed. We surmise
that the negative surface charge attracted positively charged, un-
attached decay products that entered the air boundary layer and
facilitated their deposition onto the chamber surfaces. Electrical
image forces are not belleved to play a major role in this process.
Conversely, a positive residual surface charge should, in theory,
hasten the return of no-treatment conditions; however, we were unable
to detect such an effect. Surface charge effects were not observed
when the chamber relative humidity was greater than 70%.

Effect of Chamber Relative Humidity

A substantial number of chamber trilals were conducted to study
the effectiveness of unipolar space charging in reducing radon decay
product exposures under a wide range of relative humidities. The
experimental protocol was identical to that for the previously re-
ported data. Figure I} summarizes the percent working level reduc—
tions measured as a function of the chamber relative humidity (%) for
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positive and negative air ion treatment. The statistical un-
certainties (standard errors) associated with these measurements
are also indicated. All reductions are referenced to the no-treat-

ment Working Level under the same relative humidity.

The effect of relative humidity on the Working Level reductions
was the same regardless of the air ion polarity and the air infiltra-
tion rate. In all instances, high relative humidities degraded the
effectiveness of ailr ion treatment, although the reductions were
still greater with positive air ions. There was no statistical
difference in Working Level reductions up to approximately 60-65%
relative humidity. At chamber relative humidities greater than 65%
the Working Level reductions became progressively less. These re-
sults are in contrast to Bigu's (33), who found no effect of
increasing relative humidity on decay product reductions with nega-
tive air ion treatment. We are unable to explain our different
findings except to state that the experimental methods used by the
respective studies were too disimilar to permit a valid comparison
of the results.

The reasons for the lower air ion reductions of Working Levels
with dincreasing relative humidities are not well understood. One
explanation seems to be related to the observed i1ncrease in the
particle size distribution. At a chamber relative humidity of
90-95%, the diameter of the average surface area was found to in-
crease greater than a factor 3, from 0.065 to 0.210 um (Figure 1).

The implications of this have at least two bearings on the ailr
ion removal rates: lower decay product and host aerosol electrical
mobilities, and a lower unattached fraction of decay products. In
the former case, particle electrical mobility is inversely propor-
tional to the square of the particle's diameter, thus the observed
increase in the DASA would roughly correspond to the 10-fold de-
crease in particle electrical mobility if no additional charges are
acquired. Offsetting this effect is the increased number of
elemental charges that a larger particle would acquire from diffusion
charging (approximately proportional to the increase in diameter.)
The net result 1s that particle mobility should, to a first approxil-
mation, be inversely related to the increase in particle diameter.
The increased DASA also results in a 10-fold increase in particle
surface area available for decay product attachment. This could
eliminate most if not all of the decay product specles with the
highest electrical mobilities. We verified that this occurred in the
chamber measurements. The unattached Po-218 concentration decreased
from 25% to less than 0.5% when relative humidity was increased from

60 to 95%.

Other possible reasons for the decreased effectiveness of air
ion treatment under high humidities may also be related to lower air
ion mobilities due to the clustering of water vapor molecules about
the ions (34) or neutralization of charged decay products by water
molecules (32). These explanations are only speculative since we did
not conduct any experiments that would confirm the physical mechan-
isms that were primarily responsible for lower decay product removals.
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Measured vs. Predicted Decay Product Reductions

A comparison of the room model predictions with measured radon
decay product reductions from negative and positive air ion treat-
ment is shown in Table II for the three air exchange rates tested.
Predicted concentrations for air ion treatment and no-treatment were
calculated through application of equations (7) and (9), assuming a
spherical room with radius equal to 196 cm. This value for room
radius was chosen because 1t had the same surface area to volume
ratio as the rectangular chamber in which the measurements were con-
ducted. Predicted decay product and Working Level reductions were
calculated from these théoretical concentrations. The decay pro-
ducts and host aerosol were assumed to be uncharged initially and to
have acquired their final charge in accordance with equation (3).
The charging parameter, N t, in equation (3) was determined as
follows: N., the mean air 1on concentration obtained by volume in-
tegration 5f the equivalent 196 cm sphere having an ion density

function given by equation (1). The mean ion density corresponded to
a 123 cm distance from the ion source. The charging time, t, was
taken to be approximately equal to the effective mean-1ife for the
particular radon decay product. The effective mean-1life was assumed

equal to the reciprocal of the sum of the radiological decay and room
ventilation constants, kn and IV, respectively.

The airborne radionuclide reductions predicted using the
equivalent room model and space charge effects were in overall good
agreement with measured reductions for identical conditions, notable
exceptions to this being the comparisons for Po-218 (RaA) removals
which tended to be underestimated by the model. These disagreements
are due to the fact that the model assumes that all of the RaA and
RaB decay products are attached to particles having the DASA, when,
in fact, up to 25% ‘of the RaA and 5% of the RaB decay products in the
chamber were unattached. For reasons discussed previously, unattached
specles, because of their much larger electrical mobility, should be
more easily removed by the space charge electric field. The current
model has no provisions for accounting for unattached decay products
because White's diffusion charging equation is not applicable to the
unattached size range, i.e. <0.01 um.

From inspection of Table II it is obvious that the model pre-
dictions for negative space charge ilons compare more favorably with
measured data than do predictions for the positive ions. This is
merely reflecting the fact that a significant number of decay pro-
ducts were already positively charged due to alpha-decay. The
deficiencies encountered with this aspect of the model were expected
and provide a basis for additional work. A more thorough considera-
tion of the polydisperse nature of the room aerosol, including the
unattached sizes, will probably be required in order to improve the
model's predictive value, particularly when applied to positive ion
treatment.
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Radio-
nuclide

RafA
RaB

RaC

WL

RafA
RaB
RaC

WL

RaA
RaB
RaC

WL

TABLE II: Measured versus Predicted Airborne Radionuclide

Reductions from Unipolar Space Charging

Air Exchange

Positive lons

ERACTIONAL REDUCTIONS

Negative Ions

Rate (hr')) Measured (SE) Predicted Measured (SE) Predicted
in chamberk by modelki in chamberi by modelki
0.2 0.361 (0.027) 0.126 0.323 (0.024) 0.129
0.2 0.854 (0.016) 0.752 0.713 (0.015) 0.758
0.2 0.909 (0.015) 0.912 0.841 (0.013) 0.915
0.2 0.814 (0.016) 0.733 0.712 (0.014) 0.738
0.5 0.437 (0.022) 0.121 0.332 (0.023) 0.124
0.5 0.890 (0.010) 0.715 0.678 (0.013) 0.721
0.5 0.938 (0.006) 0.889 0.796 (0.010) 0.892
0.5 0.841 (0.010) 0.685 0.665 (0.011) 0.690
0.8 0.458 (0.034) 0.118 0.378 (0.032) 0.121
0.8 0.888 (0.016) 0.681 0.656 (0.017) 0.688
0.8 0.924 (0.01%) 0.865 0.766 (0.018) 0.870
0.8 0.831 (0.018) 0.641 0.646 (0.016) 0.645

* Standard Error for fractional reductions shown parenthetically.
** Assuming initially uncharged decay products and DASA of 0.065 um.
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Conclusions

Unipolar polar space charging via ion generation was found to
cause substantial reductions in radon decay product concentrations
inside a simulated residence. A positive space charge (positive
lons) proved superior to a negative space charge (negative ions)
for air treatment effectiveness. The primary reason appears to be
related to the charge status of the decay products. The results of
our investigations clearly demonstrate that unipolar space charging
is a very effective air treatment method for reducing indoor ex-
posures to naturally-occurring radionuclides. Our data further
suggests that space charging may be useful for reducing concentra- _
tions of other indoor pollutants that are associated with ultrafine
aerosol particles.

Extremely high relative humidites (>65%) tend to inhibit the
effectiveness of unipolar space charging ailr treatment; the mech-
anisms by which this occurs are not clear, although the growth or
size of the room aerosol seems %o play a role. This aspect deserves
further investigation.

Experimental data obtained within a simulated residence compare
favorably with a simple theoretical model that predicts the removal
of ailrborne radon decay products from space charge theory. The model
requires some refinements for handling the pre-existing charge status
of unattached decay products and ultrafine aerosol particles. Such
refinements are necessary for modeling the observed differences in
air treatment effectiveness between positive and negative space
charges.
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DISCUSSION

JEFFORD: When the air change rate went from 0.2 to 0.5 air
changes per hour, the radon decay product removal rate decreased. Do
you have an explanation why the inecreased air turbulance did not result
in increased radon decay product removal?

MOELLER: The decrease is believed due to two factors. The
First 1s the increased steady state aerosol number concentration in
the room, which 1s inherent with higher air exchange rates. The

second factor is that higher alr exchange rates also tend to enhance
natural convection within the room and thus the incremental increase

in air turbulence caused by the fan has a lesser effect. The enchanced
natural convection also increases the natural wall deposition of un-
attached decay products. Both of these factors act to decrease the
fraction of unattached decay products in the room. Since the fan is
most effective in removing the unattached fraction, a lower unattached
fraction in the room will reduce the avallable radiocactive material
that the fan can remove, thus reducing the effectiveness of the fan

as an alr cleaner.
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PROTOTYPE FIRING RANGE AIR CLEANING SYSTEM

J. A. Glissmeyer, J. Mishima, and J. A. Bamberger
Pacific Northwest Laboratory
Richland, Washington

Abstract

The Ballistics Research Laboratory, a component of the U.S. Army
Research and Development Command, contracted with Pacific Northwest
Laboratory (PNL) to provide a prototype air cleaning system for a new
large caliber firing range where depleted uranium munitions are test-
fired. The existing system consists of two banks of prefilters and a
bank of HEPA filters in series at a rated airflow of 24,000 acfm.
Experience at similar ranges indicated that the existing filtration
system would be too costly to operate because shock waves and rapid
particle loading result in short filter life necessitating frequent
replacement and disposal as low-level radioactive waste. The rapid
particle loading also results in decreased airflow causing an exces-
sive waiting period before personnel can reenter the target area.

The project's objectives were to provide a prototype air cleaning
system that would substantially reduce operating expense, shorten the
delay for personnel reentry and enhance the particle removal
performance,

PNL's study proceeded by examining the characteristics of the
aerosol challenge to the filtration system and the operating experi-
ence at similar firing ranges. Candidate filtration systems were
proposed; including baghouses, cartridge houses, electrostatic pre-
cipitators, cleanable high efficiency filters, rolling filters and
cyclones-- each followed by one or more of the existing filter
banks. Methodology was developed to estimate the operating costs of
the candidate systems. Costs addressed included the frequency (based
on fractional efficiency and loading data) and cost of media replace-
ment, capital investment, maintenance, waste disposal and electrical
power consumption. The recommended system will be installed during
calendar year 1984,

Introduction

The U. S. Army Materiel Test Directorate (MTD) and the
Ballistics Research Laboratory (BRL) both Ooperate two firing ranges
(Ranges A, B, and C, D respectively) for the testing of large caliber
depleted uranium (DU) penetrators. The targets are housed in enclo-
sures which contain the DU aerosols and fragments produced by the
test firings. One of the drawbacks of using a target enclosure is
that the airborne DU must be removed by ventilation and air cleaning
before personnel can enter the enclosure without respiratory
protection.

BRL recently completed construction of Range D, shown in
Figure 1. The Army's experience with air cleaning systems at such
ranges has shown that the operation of the systems is very costly
because of the short life of the filters. Our objective was to
recommend an air cleaning system that would meet the requirements for
effluent discharge and have substantially lower operating costs.
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Figure 1. Range D

This paper describes the air cleaning challenge with a brief
review of the performance of the air cleaning systems at the earlier
ranges and the characteristics of the airborne DU aerosol. The
candidates for the prototype air cleaning system are then outlined
and the economic evaluation of them is detailed. Finally, the
recommended systems and configurations are discussed.

Challenge To The Air Cleaning System

Prior to selecting candidate air cleaning systems to replace or
augment the existing system, we investigated the performance of the
existing cleaning systems at the ranges described below. 1In
particular, we focused on the filter life, pressure pulses and
measurements of aerosol characteristics.

System Descriptions

The existing Range D filtration unit, sized for an airflow of
24,000 cubic feet per minute (cfm), consists of three banks of dis-
posable filters in series. There are twenty-four filters in each
bank —-- three filters high by eight filters wide. The filters are
enclosed in a housing as shown in Figure 2. The double width-double
inlet fan, with 60 hp motor, is rated at 24,000 cfm at 11 in. H,O and
is also enclosed in the housing. Electrically driven opposed—bfade
dampers are located at the inlet and outlet of the housing to provide
some measure of isolation when the system is shutdown. The dampers
drive to their full-open position when the fan is started. The hous-
ing has a 12 gauge wall thickness and the roof has a 20 gauge outside
liner.

The first filter bank consis?i)of prefilters which have pleated

cotton media with an ASHRAE 52-76 dust spot rating of 25%. The
dimensions of a single filter are 24 in. x 24 in. x 2 in. The second
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Figure 2. Existing Range D Filter House

filter bank contains filters which have pleated glass-fiber media
reinforced with hardware cloth and cardboard separators. The filter
rating is 95% ASHRAE. The frame enclosing the media is galvanized
steel with dimensions of 24 in. x 24 in. x 12 in. The first two
banks of filters are mounted in commercial side-loading housings.
The third bank consists of HEPA filters with galvanized steel frames
and aluminum separators. The HEPA filter mounting frame permits
individual installation and clamping of the filters with filter gas-
kets on the downstream side of the filters to maintain the seal dur-
ing a pressure pulse. The filter housing was not designed according
to the typical standards for nuclear facilities.

Ranges A, B, and C are functionally the same as Range D, shown
in Figure 1, with a projectile entrance tunnel, target bay and air
cleaning system; however, there are many differences in design and
they are smaller overall. The target bays are box shaped and enclose
15,000 to 28,000 cu. ft as opposed to 54,000 cu. £t at Range D. The
ventilation rates range from 6,000 to 18,000 cfm and the projectile
entry tunnels are cylinders 6-7 ft in diameter and 30 to 150 ft
long. The filter houses contain three banks of filters in series.
The last two filter banks are of the same type as Range D (95% ASHRAE
and HEPA's). At Range C the first prefilter is the same type as
Range D (25% ASHRAE); however, 40-60% ASHRAE prefilters are used at
Ranges A and B. At Ranges A and B, the filter house is located
behind the target bay and connected to it by box shaped baffled shock
attenuators. At Range C, the filter house is located on the roof of

the target bay and connected to it with a duct containing fragment
baffles but no shock attenuator. Ranges A and C use industrial grade
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side-loading filter housings of about 16 gauge sheet metal. The
housing at Range B is shop-built to nuclear facility standards using
0.5 in. steel, marine bulkhead access doors, bagout ports, and face
loading filters.

Filter Life

Operating data from Ranges A and C were compiled and the filter
life expectancies are shown in Table 1. Different filter change
philosophies existed at the two ranges. At Range A, the two pre-
filter banks and the HEPA bank were changed at pressure drops of
approximately 1, 4 and 4 in. H,O respectively. At Range C the second
prefilter and the HEPA were changed at about 4 and 3 in. H50. The
first prefilter bank did not have a pressure gauge and was changed
when bank 2 was being changed.

Table 1. Filter Life

Number of Range of Filter Life,
Shots Filters Per Rounds /Change
Range Per Year Filter Bank 1st-, 2nd-Prefilters HEPAS
A 230 12 1-2 10-20 100-200
B 230 18 No data available, life estimated
to be similar to Range A
C 180 6 1-6 1-6 5-60
D 180 24 No data available, life estimated

to be similar to Range C

Filter damage at Ranges A and B has been mostly limited to con-
densation and subsequent moisture damage to the filter media. At
Range A, inadequate sheet metal seals in the filter housing permitted
water entry. On one occasion, excessive plugging of the media caused
the lst prefilters to impact the 2nd prefilters and break their
seals. At Range B, condensation was caused by temperature gradients
in the system.

Temperature measurements at Range C showed that a heat front
passes through the exhaust system approximately 1 second after the
pressure shock. The heat front has caused ignition of the prefilter
banks for some target/penetrator combinations, destroying the media
and leaving only the wire support mesh and the cardboard frames. In
one instance, sparks from the prefilters ignited the HEPA filters and
melted the media. Since this incident, temperature sensors were
installed in the exhaust duct and temperatures greater than 212°F
have been recorded. It is unknown whether hot target or penetrator
fragments had a role to play in these incidents. The absence of a
shock attenuator at this range may be the reason that such incidents
have only occurred at this range.
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Pressure Pulses

Measurements of pressure pulses generated by static charges and
the target/penetrator interactions were made at the ranges prior to
the start of routine testing to verify the structural integrity of
the target bay and the air cleaning system. During these tests at
Ranges A and B no damage to the filters was observed by either visual
inspection or standard aerosol penetration tests. At Range C, damage
was caused by the temperature effects discussed above.

Range A

Blast overpressure measurements in the target bay and air
cleaning system for five test firings are listed in Table 2. The
pressures measured at the face of the prefilter banks are listed
under Locations 9 and 10. Location 11 was downstream of the HEPA
filters. 1In the filter house, the pressures pulses were of
considerably lower magnitude and longer duration than in the target
bay.

Range B

An extensive set of static and dynamic tests were performed at
Range B. Table 3 gives the results of twelve static charge tests.
The highest pressures observed at the two prefilter banks and the
HEPA bank were 1.2, 0.6 and 0.7 psig respectively. Pulse durations
were not available.

Table 4 presents the dynamic overpressure data for seventeen
test shots with two penetrator and three target configurations. The
filter bank pressures were significantly lower than in the target
enclosure due to the action of the shock attenuator. 1In these tests
the maximum pressures at the two prefilter banks and the HEPA bank
were 0.89, 0.61 and 0.59 psig respectively. Maximum reflected
pressures would be double these values.

Range C

Table 5 lists representative values of the pressure pulse and
duration for the Range C static and dynamic tests. Peak overpres-
sures of 4 psig were measured in the target enclosure. 1In front of
the prefilters the average pressure dropped to 0.6 psig.

Range D

Range D has only been tested with static charges to date. The
measured face—on pressures at the first prefilter have ranged from
1.05 to 2.35 psig. No damage was observed to the filters but the
wall joints of the housing were severely damaged. No follow-up
standard aerosol penetration testing has been performed yet.

Aerosol Characteristics

Quantity and Composition of the Airborne Material

The impact of the DU penetrator upon the target results in
aerosolization of a portion of both the penetrator and target. The
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Table 4.

Round Number
Sidewall, PR, psi
PR,

Overhead, psi

Plenum, PS, psi

Filters, PS, psi
First
Second
HEPA
Fans, PS, psi
Round Number
Sidewall, PR, psi
Overhead, PR, psi
Plenum, PS, psi
Filters, PS, psi
First
Second
HEPA
Fan, PS, psi
PR:

Range B Dynamic Tests:

Peak Overpressure Data

Target 1, Target 2, Target 1,
Penetrator A Penetrator A Penetrator B
1 2 3 4 5 6 7 8 9
5.3 5.2 e 7.4 17 23 4,7 4.9 e
2.7 2.9 4.2 4.8 6.8 5.5 4.4 == 11
0.41 0.56 0.64 0.91 0.84 0.86 0.83 0.68 0.66
0.16 0.24 - 0.39 0.32 0.37 — 0.36 0.32
0.11 0.20 0.20 0.32 0.24 == 0.18 0.30 0.26
0.22 0.25 0.30 0.42 0.46 0.48 0.27 0.31 0.19
0.10 0.19 0.17 0.24 0.20 0.35 0.17 0.26 0.24
Target 2, Target 3, Target 2,
Penetrator B Penetrator B Penetrator B
10 11 13 14 15 16 17 18
- 21 4.0 3.1 4.7 11 —— 5.5
3.7 S 2.8 2.6 2.7 6.2 5.0 6.3
1.3 1.2 0.21 0.22 0.28 1.1 1.3 1.1
0.52 0.65 0.14 0.15 0.17 0.59 0.89 0.76
0.42 0.54 0.10 0.12 0.13 0.50 0.61 0.53
0.25 0.59 0.10 0.12 0.12 0.50 0.53 0.54
0.17 0.46 0.09 0.10 0.10 0.40 0.41 0.41

Face-on, normally reflected pressure

For the plenum, filter and fan data PR is double the PS value.

PS:

Side-on pressure
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Table 5. Summary of Range C: Blast Overpressure Data

Pressure Gauge Location
Inside Ventilation Duct
Between Baffles

Center of Roof and Prefilters
21.7 ft Above Target Pressure
. Pressure Duration Average Peak Duration
Test (psi) (ms) (psi) (psi) (ms)
0.34 kg Pentolite 4.1 2.5 0.17 0.87 1300
(static)
2.1 kg Tungsten 1.7 3.0 0.07 0.29 1000
2.0 kg DU 4,1 3.0 0.29 0.58 2200
3.4 kg DU 4.4(a) =5 0.59 0.87 3000

(a) Maximum pressure recorded for a 3.4 kg round.

fraction of the penetrator mad?zairg?rne has been measured and ranged
from 0.9% to greater than 70% “r*’. The broad range is due to a
variety of factors such as penetrator velocity and size, type of tar-
get, method of measurement, etc. For the purposes of this study,
100% of the materials generated during test firings were considered
to challenge the air cleaning system.

Unfiltered ambient air is drawn into the enclosure during test
firings. The median background level for real-time, mass-airborne
monitors currently in use onsite is approximately 30 micrograms per
cubic meter. Assuming 8 hours per day of operation, as much as 10 g
of fugitive dust could be drawn into the facility and challenge the
air cleaning system. This does not include water or water vapor
concentrations which vary greatly. The chemical composition of the
fugitive dust is not known.

Small quantities of soot, unburned propellant grain%5?nd vapors
(water, nitric acid, potassium hydroxide, sulfuric acid) from the
burning of the propellant are found. The vapors could condense upon
cold surfaces or be absorbed in water vapors or particles, thereby
producing some potential for corrosion. The quantities generated per
firing are estimated to be negligible.

Based upon analysis of the airborne particulate material from
outdoor test firings, it was estimated that the composition of the
airborne material will be 80% to 95% oxides of uranium (75% of which
is U3O8), 4% to 19% iron oxide with minor amounts of aluminum oxide,
titanium oxide, and silicon dioxide plus trace quantities of the pro-
ducts from the combustion of the propellant. If the target material
is non-ferrous, most of the iron oxide would be replaced by the new
target material. It was further assumed that the total mass of air-
borne material is equivalent to the mass of the penetrator.
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Size Distribution of Airborne Particles

particle size distributions of the airborne material under pre-
cisely the Range D operating conditions have not been found. Size
distributions of depleted uran%gmBO%}de particles under similar
conditions have been reported r31r2) The distribution with the
largest fractions of small particles, Table 6, presents the most
difficult challenge to the air cleaning system and was assumed for
the purposes of this study.

Table 6. Approximate Aerodynamic Equivalent Particle Size
Distribution

Particle Aerodynamic Mass
Equivalent Diameter, Percent in
Micrometers Size Range

<0.18 Sill

0.18 - 0.56 14

0.56 - 1.8 15

1.8 - 5.6 13

5.6 - 18.0 11

18 - 56 7

>56 9

Airborne Mass Concentrations as a Function of Time

Measurements of the aerosol concentrations made 7.5 seconds
after the shot during_the unenclosed test firings ranged from 1.5
to 2.6 g/cubic meter 3). Measurements of the aerosol copcgntratlon
made 5 minutes after the shot during the enclosed test firings
ranged from 0.05 to 0.15 g/cubic meter.(4,6) The critical airbgrne
concentration for this study is that which will challenge the air
cleaning system. If the entire penetrator mass were airborne 1in
the target enclosure, the airborne mass congentraFlon would be
4.2 g DU/cubic meter. For this study a maximum alrporne_conqen—_
tration of 0.5 g DU/cubic meter with the particle size distribution
shown in Table 6 was assumed. This aerosol has a half life of 4.1
minutes in the target enclosure.

Candidate Systems

The basic assumptions for selecting equipment were: 1) particle
collection should not produce a liquid effluent requiring treatment,
and 2) the final control device should be a bank of HEPA filters to
act as a polishing and safety stage. The fifteen candidate systems
are listed in Table 7.

Baghouses, precipitators, common rolling filters and cyclones
are familiar devices in the air cleaning field. The lesser known
devices will be briefly described in the following subsections;
however, because the pulse-jet baghouse will be shown to be one of
the recommended devices, a typical cutaway is shown in Figure 3.
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Table 7. Candidate Air Cleaning Systems
1 Existing Disposable Filters

2 Existing Disposable Filters With Extended Surface Filter In
Place of Bank 2

3 Rolling Prefilter + Disposable Filters
4 Peeled Roll Filter + Disposable Filters
5,6 Pulse-jet Baghouse + Disposable Filters
standard felt media
coated media
7,8 Shaker Baghouse + Disposable Filters
standard fabric media
coated felt media
9 Electrostatically Augmented Baghouse + Disposable Filters
10,11 Cartridge House + Disposable Filters
standard media
coated media
12 Cyclones + Disposable Filters
13 Electrostatic Precipitator + Disposable Filters
14 Cleanable High Efficiency Filter + Disposable Filters
15 Vaned Inertial Separator + Pulsed Panel Filter + Disposable

Filters

Extended Surface Filter

The extended surface filter is a prefilter that fits into the
same holding frame as the current second prefilter. The medium is a
thick glass-fiber pad shaped into pockets or envelopes that are about
30 in. deep. The efficiency is about the same as the current second
prefilter but has greater particle holding capacity.

Peeled Roll Filter

The peeled roll filter is similar to the common rolliing filter;
both use clean and used media reels. However, the airflow passes
radially inward through the layers of media wound on the clean media
reel and then out through the end of the reel's core instead of
through the media stretched between the reels. Because the air
passes through many layers of media the filtration efficiency is
greater than for the common rolling filter although the media is
essentially the same. When the outer layer becomes loaded with
particles the layer is wound onto the other reel. Several media
units are contained in a single housing. This filter was originally
designed for viscous liquid aerosols.

856



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

[~ PLENUM <— COMPRESSED
~_AIR SUPPLY
ELEA FTUBE SHEET _ _NogéLE : SOLENOID
= _ \ VALVE
AIR :)7;__ IB'-OW PIPE "\ ORIFICE
EXHAUST SR NN RN bt
~—1 |\ | | AW 1 | DIAPHRAGM
% - ey - = VALVE
. . . [[-COLLARS
AT ) L -lt
d (18 : A~ VENTURI
. NI Ed) %| NozzLE
R ad E b il -~ REMOTE
NE#E | = cycLIc
: ¢
JH- NS TIMER
" ’ ] ,‘
. H— FILTER
9 v b \:l? BAGS
] 10 LN
: : \ % [[— RETAINER
4 BV | (151
l- Ly o] ‘
|3 ¥ IR . COLLECTOR
n \ & HOUSING
MANOMETER\ o
DUST
LADEN
AIR
DIFFUSER
HOPPER
ROTARY AIRLOCK
MATERIAL
DISCHARGE
Figure 3. Cutaway of Pulse-Jet Baghouse (after Mikropul(7))
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Cartridge House

A cartridge house collects particles on a filter medium made of
a treated cellulose paper which is pleated and formed into a
cylindrical cartridge, very similar in appearance to a truck
carburetor air-cleaner. The cartridge is about 12 in. diameter by
24 in. high. Figure 4 shows a typical cartridge house with several
cartridges mounted below a tube-sheet in a configuration similar to a
pulse-jet baghouse. Dirty air enters near the bottom of the hopper
and passes upward through the cartridges to be exhausted at the top
of the housing. Particles collected on the cartridges are removed by
pulses of clean air directed through the cartridge in a direction
opposite to the normal airflow. The removed particles that have
agglomerated to a sufficiently large size settle into the hopper by
gravity. Venturies between the compressed air nozzles and the
cartridges amplify the cleaning airflow.

BLOW PIPES
UBE PLATE

AlIR
: 'VALVES
LIFTING LUG

1" NPT AIR

CABINET MANIFOLD
OUTLET ! INLET

ACCESS (2) SOLENOID

ENCLOSURE

VENTURIS. DOOR

ELEMENTS

T~~INLET

CONTAMINATED DEFLECTOR

AIR INLET
HOPPER OUTLET

Figure 4. Typical Cartridge House (after Donaldson(s))
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A preferable configuration has a walk-in plenum on top of the
tube sheet. For filter maintenance a person enters the plenum, which
is on the clean side of the cartridges, and the cartridges are
removed through the tube sheet. Figure 5 shows another advantageous
design where cartridges are mounted on a slight angle to the hori-
zontal plane. The clean air side, tube sheet and pulse cleaning
pipes are at the back of the cabinet. Pairs of cartridges are
accessed through hatches on the front of the cabinet. This design
has several more seals that must be checked for airtightness; how-
ever, with a modified hatch design, it lends itself to a type of
bagout method for cartridge changes similar to that used in glove-
boxes. The dirty airflow is from the top to the back of the cabinet
which would enhance the movement of particles to the hopper during
pulse cleaning. The cartridges are also compartmentalized in groups
of twelve to reduce the tendency to blow particles to adjacent
cartridges during cleaning.

Cleanable High Efficiency Filter

The cleanable high efficiency filter, Figure 6, contains one or
two banks of high efficiency filters that look very similar to the
HEPA filter used in the existing system. The filters differ from
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Figure 5. Downflow Cartridge House (after Donaldson
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Figure 6. Single Stage Cle?B?ble High Efficiency Filter
(after Kermatrol )

HEPA's by a thin coating on the particle collection side so particles
do not penetrate into the fibers of the media. The medium acts as a
support for the porous coating which does the filtering. The filters
are cleaned in-place by either a vacuum system or pulses of compres-
sed air.

Another type of cleanable filter uses 80% ASHRAE dust spot effi-~
ciency cleanable filter panels housed in a steel box with hoppers
beneath. The filter medium appears similar to that of the the medium
efficiency prefilter in Bank 2 of the existing system except the
medium is not pleated as deeply, and the individual filter dimensions
are 2 ft x 4 ft x 3 in. For the design airflow the device would
contain 24 panel filters. The filters are cleaned periodically with
pulses of compressed air directed opposite to the airflow. This
device will be referred to as the Pulsed Panel filter.
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Vaned Inertial Separator

The vaned inertial separator is rated at 80% ASHRAE dust spot
efficiency. Ninety percent of the airflow is sharply turned through
vanes while 10% of the airflow proceeds in a straight line. Large
particles cannot follow the rapid change in direction and follow the
10% airflow in a straight line. The 10% airflow, now more heavily
laden with particles, is passed through another dust collector (the
manufacturer recommended the Pulsed Panel) which removes 80-90% of
the particles. The airflows from the vaned inertial separator and
the Pulsed Panel are recombined and passed through a second Pulsed
Panel.

Economic Analysis Method

Because this air cleaning application is unusual and applicable
data describing the performance of the filtration devices was
lacking, costs attributed to the different system configurations were
estimates based on several factors with considerable uncertainty.
Factors considered in this study were the particle collection effi-
ciency of the devices, individually or in series, and the frequency
of mechanical repairs. The former proved to be the most significant
pecause several important items hinge on the question of efficiency,
including the life of media, frequency of media replacement, media
disposal and the disposal of collected dust. We used the best effi-
ciency data available to us from the literature or vendors; however,
in most cases, extrapolations beyond the data were required. Esti-
mates of maintenance and repairs were obtained largely from ven-
dors. Estimating methods were applied uniformly to identify the
relative ranking of the candidate systems even though the estimates
were inexact. In most cases the candidate systems include all or a
part of the existing filter banks as polishing filters. To explore
which filter banks should be retained, cost estimates were generated
for each practical combination of the existing filters with the
candidate devices.

A complete estimate of procurement, operating and maintenance
costs of each system was attempted. The cost elements addressed were

° Media Life - how long the media lasts

° Media Replacement - replacement and disposal of media
° Waste Disposal = collected powder

° First Costs — initial investment

® Maintenance - operation, maintenance, repairs

° Electrical Power . power for fan and auxiliaries

The general method of estimating these elements will be
explained in the following subsections. Labor costs are assessed
under the topics to which the labor. is applied. The several assump-
tions, derived from current operating practice, that provided a
starting point for cost estimating are enumerated in Table 8. Others
will be introduced as they pertain to specific method elements.
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Table 8. Assumptions Used for Cost Estimating
1. Labor rate for BRL personnel: $31 /man-hour
2., Power cost: $0.04 /kWhr

3. Waste disposal cost including
container, shipping fees,

labor, burial fees: $25/cu.ft
4. System equipment life: 20 years
5. Test firings during 20 yr life: 6000
6. Average weight of test round: 4.9 kg
7. Average aerosol mass per test: 4.9 kg
8. Bulk density of the collected dust: 1.5 g/cu.cm

9. Annual operating time for system
365 day x (5/7) x 8 hr/day = 2006 hr

10. HEPA filters will be retained as last device in
system for a polishing and safety stage

Media 1life

The media life expectancy is a concern for all of the devices
except for cyclones or ESP's. Mechanical media failure which results
in particle leakage is the principal factor determining the life of
cleanable media. The filtration efficiency of cleanable media
affects only the subsequent disposable filters, because it determines
the challenge aerosol. For disposable filters, the filtering
efficiency and the particle holding capacity are equally important to
media life. Therefore the question of media life was approached
differently for the two media types.

Disposable Filters

The approach developed was applied to all the types of dispos-
able media investigated: the rolling filters, the existing filters,
and extended surface filters. To estimate media life, the filtration
efficiency as a function of aerodynamic particle size and the dust
holding capacity at the final operating pressure drop must be known;
however, data covering the entire range of interest were generally
not available and extrapolations were required.

The particle size range of interest was subdivided into seven
size brackets equally spaced logarithmically and the mass of parti-
cles in each bracket was estimated as was shown in Table 6. All of
the particles in a given bracket were assumed to behave as the parti-
cle whose size was the bracket midpoint. The collection efficiency
of each device was obtained for each size bracket midpoint. The
amount of particles collected by and penetrating a device was com-
puted separately for each size bracket. The total amounts collected
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and penetrated were computed by summing the bracket values. The size
distribution of the penetrating particles was used as the input
aerosol of the next stage of filtration. This approach was used to
estimate the useful life of a bank of disposable filters in a series
of banks.

Table 9 is an example performance calculation for the three
existing filter banks in series. The initial mass distribution,
fractional efficiency, mass collected and penetrated for each stage
and size bracket are shown. Also shown are the overall and cumula-
tive efficiencies for each stage.

Table 9 also illustrates how the cost of filter usage was cal-
culated. The table shows the vendor's estimate for the maximum
amount of dust that may be collected on a bank of 24 filters at the
pressure drop which requires filter replacement. The mass collected
by a filter stage was divided by the dust capacity to estimate the
fraction of filter life, or life fraction (LF), used in the test.
The inverse of the life fraction, 1/LF, is the number of tests the
filter can be exposed to before replacement and is shown in the table
as "Shot Life". While this method may be simple and have some
theoretical shortcomings, the results shown in the table for "Shot
Life" were within the range experienced at BRL and MTD, giving us
some confidence in applying the method.

Table 10 shows how we calculated the estimated costs for replac-
ing the banks of existing disposable filters as $267, $1949 and $4291
for stages 1,2 and 3 respectively. The calculations accounted for
filter cost, labor cost and disposal cost as low level radioactive
waste. The compacted volume fractions used (0.067, 0.088 and 0.25
for banks 1,2 and 3 respectively) were those achieved at BRL. The
1ife fraction times the bank replacement cost was the estimated cost
incurred for the test, which was multiplied by the number of tests
expected in twenty years to estimate the cost during the facility
life. Table 9 shows the results of these calculations for the exist-
ing filter system. Similar calculations were made for each candidate
system configuration. Table 10 is illustrative of the factors
accounted for in compwting the replacement costs of filters in the
other types of devices.

Cleanable Filters

Estimates of media life for the cleanable media devices were
obtained from the equipment manufacturers' experience. The control-
ling factor for these devices is mechanical wear resulting in filter
media failure. Most often these devices are used in harsh industrial
ventilation environments where aerosol concentrations are higher and
more continuous than expected for the firing range. Most vendors
felt that the aerosol loading at the firing range is light compared
to their typical applications. The life estimates for each type of
device using cleanable media are given in Table 1ll.

To estimate the characteristics of the aerosol penetrating to
the filters downstream and the quantities of dust to be transferred
to disposal containers, a calculation method similar to that
described above for the disposable filters was applied to most clean-
able media devices. For pulse-jet baghouses an alternate method,
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Table 9. Example Efficiency and Cost Calculation
for Existing Filters
Size Distribution Bank One -- 25% ASHRAE Filters
Midpoint Initial Fractional Grams Grams
Dia., Microns Mass % Grams Efficiency Collected Penetrated
0.1 31 1519 0.00001 1.519E-02 1.519E+03
0.32 14 686 0.00001 6.860E~03 6.860E+02
1 15 735 0.007 5.145E+00 7.299E+02
3.2 13 637 0.82 5.223E+02 1.147E+02
10 11 539 0.983 5.298E+02 9.163E+00
32 7 343 0.995 3.413E4+02 1.715E+00
100 9 441 0.9972 4.398E+02 1.235E+00
Total 4900 1.838E+03 3.062E+03
Cum. Total 1.838E+03
Stage Efficiency 3.752E-01
Cumulative Efficiency 3.752E-01
Max Load, g 6720
Shot life, shots 3.66
Bank Replacement Cost $267
20 yr Cost By Bank $438, 260
System 20 yr Cost
Bank Changes in 20 yr 1641
Size Bank Two —-— 95% ASHRAE Filters Bank Three -- HEPA Filters
Midpoint Fractional Grams Grams Fractional Grams Grams
Dia. Microns Efficiency Collected Penetrated Efficiency Collected Penetrated
0.1 0.83 1.261E+03 2.582E+02 0.998 2.577E+02 5,165E-01
0.32 0.94 6.448E+02 4.116E+01 0.99968 4.115E+01 1.317E-02
1 0.987 7.204E+02 9.488E+00 0.9999 9.487E+00 9.488E-04
3.2 0.998 1.144E+02 2.293E-01 0.99999 2.293E-01 2.293E-06
10 0.9994 9.158E+00 5,498E-03 1 5.498E-03 0.000E+00
32 0.9996 1.714E+00 6.860E-04 1 6.860E-04 0.000E+00
100 0.9997 1.234E+00 3.704E-04 1 3.704E-04 0.000E+00
Total 2.752E+03 3.091E+02 3.086E+02 5.306E-01
Cum., Total 4.591E+03 4.899E4+03
Stage Efficiency 8.990E-01 9.983E-01
Cumulative Efficiency 9.369E-01 9.999E~-01
Max Load, g 9600 9600
Shot life, shots 3.49 31.11
Bank Replacement Cost $1,949 $4,291
20 yr Cost By Bank $3,352,883 $827,574

System 20 yr Cost
Bank Changes in 20 yr

1720

864

$4,618,717
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Table 10. Cost of Replacing Banks of Disposable Filters

Bank 1 25% ASHRAE Prefilters

New filters = 24 x $6.15 = 148
Changeout labor = 2 manhr x $31/manhr = 62
Compactor operator = 1 manhr x $31 /manhr = 31
Disposal = 16 cu.ft x 0.067 x $24.26/cu.ft = 26

Total = $267

Bank 2 95% ASHRAE Filters

New filters = 24 x $67.50 = 1620
Changeout labor = 2 manhr x $31/manhr = 62
Compactor operator = 2 manhr x $31/manhr = 62
Disposal = 96 cu.ft x 0.088 x $24.26/cu.ft = 205

Total = $1949

Bank 3 HEPA's

New filters = 24 x $130 = 3120
Changeout labor = 16 manhr x $31/manhr = 496
Compactor operator = 3 manhr x $31/manhr = 93
Disposal = 96 cu.ft x 0.25 x $24.26/cu.ft = 582
Total = $4291
based on the work of Leith and Ellenbecker(lo), was used for esti-

mating particle flux to downstream devices. This alternate method
discards the notion of collection efficiency and relates particle

penetration flux to the media area, dust cake on the media and the
frequency of cleaning.

Maintenance

We accounted for waste disposal, equipment repairs and operating
labor as maintenance costs.

Waste Disposal

The major waste disposal problem, other than disposing of
filters (which was accounted for in previous sections), is disposal
of dust collected in the hoppers of most of the candidate systems.
The dust will be a mixture of about the same composition as the air-
borne particles. The dust collected in the hoppers will be transfer-
red to a container via an airlock valve. To estimate the disposal
cost we made the following assumptions: 1) 55 gal drum, 7.35 cu.ft;
2) 2 hr labor involved in filling each drum; 3) powder bulk density
the same as uranium oxide, 1.5 g/cu.cm, 4) $25/cu.ft disposal cost
includes the container, shipping and burial costs. Allowing some
head-space, each drum will contain about 300 kg of dust. Because the
quantity of dust collected in the hopper varies with the equipment,
individual dust disposal costs were estimated for each system.
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Table 11. Media Life

Life Expectancy,

Device Months
Common Rolling Filter 1
Peeled Roll Filter 84
Pulse-jet Baghouse: standard felt 24
coated felt 27
Electrostatically Augmented Baghouse 24
Cartridge House 24
Cleanable High Efficiency Filter 80-120
Pulsed Panels 1

Repairs

The expected repairs included compressor maintenance, pulse
valve rebuilds, cleaning cycle control board replacement, blower
repair, and a 16 man-hr annual allowance for miscellaneous repairs.

Operation

To estimate the labor cost of operating the systems we estimated
the time involved for daily start-up and shutdown, annual inspection
and annual housekeeping. For the daily operation we assumed 20 min
was required to start and shutdown the existing system. For the
candidate systems we added additional time for more complicated
equipment. The approach for inspection and housekeeping was similar;
one day for housekeeping and a half-day for inspection for the exist-
ing system per year. For the other systems additional time was
allotted for more complicated equipment as appropriate.

First Costs

The first cost, or initial capital investment, included the
costs of fabrication, flowrate controls, upgraded fans for various
pressure drop requirements, air compressors, concrete pads, sheds,
drum handling equipment, freight, ductwork of various types, instal-
lation labor and leak testing in the field as appropriate for each
candidate system. The material of construction for most system
components was mild steel.

Electrical Power

For BRL, power costs for the range were not part of its direct
operating costs; however, power costs were estimated to provide a
basis for discriminating between systems with otherwise comparable
costs. Included in our estimates were the power for operating the
fan, the control device and the auxiliary equipment such as compres-
sors or blowers.

Total Costs

Following the method outlined, the twenty year cost of acquir-
ing, maintaining and operating each candidate system was computed.
Total costs were estimated for 294 different combinations of the
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15 primary control devices and after-filters. HEPA filters were
assumed to be used as the final stage of filtration to serve as a
polishing stage and as a final barrier to particle release. It was
further assumed that the HEPA stage would require a medium to high
efficiency prefilter upstream that would collect the bulk of
particles penetrating the first device. This ensures that the HEPA
stage can remain functional even when the first filtration device
fails catastrophically by explosive overpressurization of the system
during a test firing. For the preferred after-filter combination of
a particular candidate system there were several vendors which
supplied estimated initial acquisition costs. The complete economic
analysis was performed for each vendor's equipment and the results
for maintenance, power, filter replacement, and etc. were averaged.
The averages were then used as the cost estimates representative of
the particular candidate system. Intercomparisons between the
candidate systems were based on these averages.

Comparisons of Candidate Systems

Summarized cost estimates for candidate systems are shown in
Table 12. The first two columns of Table 12 list the configuration
recommended for each device. The initial investment values include
equipment acquisition, installation, freight, ventilation fans,
controls and desireable accessories for waste handling. The filtra-
tion penetration estimates are for the device plus the filter banks
as a system. Given the uncertainties in filter efficiency data, the
penetration estimates are probably accurate to 1-2 orders of magni-
tude. The totals in the last three columns exclude the cost of power
as requested by BRL. The operating cost plus the initial procurement
is the total number of constant dollars that would be spent on the
system during the 20 yr. facility life. Amortizing the operating
costs over 20 years at four percent interest and adding the initial
cost yields the life cycle estimate in the last column.

The systems in Table 12 were listed in order of ascending life
cycle cost. There were two distinct groupings with about an order of
magnitude difference in total cost between the two. The expensive
group was characterized by systems where most of the filtration duty
is performed using disposable filters. This was true even of the
cyclone system because the cyclone's low efficiency for the challenge
aerosol puts the filtration burden on the disposable filters. The
average life cycle cost for this group was about $6500K. The less
expensive group was characterized by performing most of the filtra-
tion with a high efficiency device using cleanable filters or no
filters at all as was the case for the ESP. The average life cycle
cost for this group was $570K. The most important distinction
between the two groups was the cost entailed in the useage and dis-
posal of throw-away filters. Another significant difference, but of
lesser impact, was the relative average costs of maintenance, $139K
and $345K for the first eleven and the last five systems respec-
tively. It should also be noted that none of the expensive group of
systems met BRL's efficiency criterion of 99.998%, although they were
close to meeting the criterion within the accuracy of the available
data. The expensive group was then eliminated from further
consideration.
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Several of the candidate systems in the lesser expensive group
were eliminated for operational reasons. The vaned inertial
separator and Pulsed Panel systems were eliminated because of the
inconvenience and potential inhalation hazard inherent in requiring
that the filter panels be changed by entering the contaminated hopper
portion of the Pulsed Panels.

The ESP had the lowest estimated maintenance cost ($107K) of the
remaining systems; however, the ESP had a significantly higher
initial cost which outweighed the maintenance advantage. We also
suspected that the ESP would be more susceptible to "puffing",
briefly reduced efficiency for the instant of pressurization fol-
lowing a test shot, than would devices using filter media.

The shaker baghouse was eliminated for several reasons. First,
it relies entirely on a dust cake for filtration, which would be dis-
rupted during cleaning and prob??}x during each test firing pressure
pulse. Smith, Cushing and Carr showed that shaker efficiency
declines significantly following cleaning until such time as a dust
cake is rebuilt, which would be a long time in the firing range case
because the dust concentration is essentially atmospheric. Second,
the pressure pulse could severely damage the unsupported filter
bags. The filter bags are inflated by the ventilation airflow and
the only supports to the fabric are rings sewn into the fabric at
intervals. The brief pressurization following a test shot may over-
stress an inflated bag. This argument would also apply to the elec-
trostatically augmented baghouse due to its similar fabric support
configuration. An additional drawback of the shaker baghouse was the
very large number of bags (960) that would eventually require
replacement.

The remaining devices, in order of initial cost, were

1. Cartridge house ($129K)

2. Pulse-Jet Baghouse ($157K)

3. Cleanable High Efficiency Filter, 1 Stage ($187K)
4. Cleanable High Efficiency Filter, 2 Stage ($197K)

Table 13 lists the pros and cons for these remaining candidate sys-
tems. Any of these three would be suitable air cleaning systems for
this application depending on the preferences of the user for the
positive aspects of each.

The cartridge house system with walk-in filter access was chosen
for the firing range application. A single cartridge filter was
adapted to the prefilter bank of Range C for some preliminary test-
ing. After one test shot the filter appeared undamaged from the
pressure pulse. Initial static tests in Range D resulted in failure
of the original joints in the front and back filter house walls which
have since been rebuilt. Because of that failure, the cartridge
house will be fabricated of 0.25 in. steel and must pass a leak test
at the design pressure of +3 psig. We anticipate that the cartridge
house will attenuate the pressure pulse transmitted to the filter
house.
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Table 13.

Cartridge House

Pulse-Jet
Baghouse

Cleanable
High-Efficiency

Pros and Cons For Remaining Candidate Systems

PRO

CON

Filter removal

from clean side,

out of weather,
available

Extensive user
experience

Broad vendor support
Filters compact, easy
to change

Lowest initial cost
Compact housing

Filter removal from
clean side, out of
weather, available
Extensive user
experience

Broad vendor support
Standard high
pressure models
available

Fewest door seals

Convenient filter
changeout

Fewest filter
elements

Compact housing
Bagout system for
filters

Eliminate existing
filters w/2 stage
housing

Two stages of filters
with slightly larger
housing

870

1.

Standard high
pressure housing
unavailable

Walk-in filter access
requires high-bay
Filters awkward to
change because of
support cage

Highest number of
filter elements to
change

No existing systems
of comparable
capacity

Many door seals that
could leak

Most expensive
Single vendor filter
supply

No standard high
pressure models
Single stage models
had highest pressure
drop
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DISCUSSION
SCRIPSICK: What 1s the life extension of cleanable filters
relative to the filters with no cleaning? What is the efficiency

of the air cleaning system you described?

GLISSMEYER: Assuming effective cleaning action, the 1life of
the cleanable filter is not directly related to particle loading in
the same way as a filter with no cleaning. For a cleanable filter,
the 1ife 1is more often related to mechanical wearswhich usually
occurs during the cleaning cycle. One manufacturer of a cleanable
coated filter recommends replacement after 2,000 cleaning cycles.

A second manufacturer of a cleanable coated filter suggests a 1life
of 80-120 months. There was no evidence from users of such filters
that I contacted to contradict the manufacturers' claims as long as
the cleaning was effective for the particles; however, their longest
experience was only three years.

Our working criterion for the combined air cleaning
system efficiency was 99.998%, to meet the sponsor's requirements.
Using the estimating method outlined in the paper, all of the recom-
mended systems, arid some 6f the others, were expected to meet the
criterion. The efficiency data, as a function of size,that were used
in the study will be included in a report to be published. Except
for the rolling filters, cyclones, and vaned inertial separators,
all of the cleanable prefilters should have an overall efficiency
of around 997% or better for the aerosol distributions in the paper.

BERGMAN : I want to concur with and emphasize one of the
findings of your study; namely, that the use of cleanable prefilters
may result 1n significant savings in total filter costs. We had
installed an electric prefilter in a Pu process box in Rocky Hiats
and were able to extend the HEPA life by over 50 times and had 98%
recovery of the Pu aerosols. '

GLISSMEYER:- Most cleanable prefilters have good efficiency and
can result in a very significant cost savings over non-cleanable filters
in applications with aerocsol concentrations greater than ambient
outdoor concentrations and may be of value for systems where oper-
ability during accidents must be assured.

CADWELL: The- components that are referred to as cleanable
HEPA filters are not, by definition, HEPA filters because their
initial resistance to air flow is substantially greater than the
maximum allowed for HEPA filters.

GLISSMEYER: This 1is correct. These filters are also not DOP
tested as required for HEPA filters. We, therefore, do not refer
to these filter as HEPA filters but as cleanable high efficiency
filters.
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CALCULATING RELEASED AMOUNTS OF AEROSOLS

K. Nagel, J. Furrer
Kernforschungszentrum Karlsruhe GmbH

Postfach 3640, D-7500 Karlsruhe

Abstract
PASSAT is a test facility to remove iodine isotopes and aerosols from
dissolver off-gas. It is located at the Nuclear Research Center
Karlsruhe (LAF II). On the basis of experimental results coming from
PASSAT the aerosol retention of the dissolver off-gas has been modelled
for a large reprocessing plant.
The experimental performance to get results for the wave-plate droplet
separator and packed fiber mist eliminator (PFME) is described in detail.
Theoretical considerations about the aerosol retention factor of the
droplet separator have to be changed to reconcile these considerations
with the experimental results. The decontamination factor of PFME could
be approximated as a function of aerosol diameter and gas flow rate.
On the assumption of 10 mg/Std.m3 in total mass of aerosols and three
different frequency distributions in the aerosol diameter we calculated

the released amount of aerosols.

1. Introduction
The aerosols entrained in the dissolver off-gas of a reprocessing plant
play a major role in accident considerations. Their importance lies in
the noxious constituents which are present in the off-gas. Noxious
constituents include the radioactive fission materials in the solutionm,

but also the toxic fractioms such as Pu, Np, Am, Cm.

Aerosol removal from the off-gas is an essential element in a cleaning
section. The technical-scale off-gas section for aerosol removal set up
at the Karlsruhe Nuclear Research Center (KfK) has been described
repeatedly /1/. It consists of a wave-plate droplet separator, a packed
fiber mist eliminator, and a HEPA filter. The dependence of the removal
efficiency of the wave-plate droplet separator and packed fiber mist

eliminator on the aerosol size distribution is known from experiments.
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Estimation of the aerosol release in normal operation and under accident
conditions calls for the definition of the aerosol source term. However,
the source term is not fully known and therefore the attempt will be made
in this work to define source terms starting from certain boundary
conditions and to estimate the influences exerted by these source terms.

These are the boundary conditions:
- The total aerosol mass per Std.m3 off-gas is 10 mg.

- Aerosols having diameters >10 um plate out at the tube walls due

to gravity.

The information about aerosol sizes is introduced into the calculations
of releases to be performed by three different assumptions on the

distribution of diameters.

2. Experimental and Results

2.1 Sampling
It is a requirement imposed by the licensing authority that before
coupling of aerosol retention systems in the dissolver off-gas of a
reprocessing plant the behavior of both the individual aerosol filter
stages and the aggregate removal efficiency of all filters connected

in series are known for an aerosol spectrum to be expected.

The interplay of the two droplet separators (wave-plate droplet
separator and cleanable packed fiber mist eliminator) is important for
off-gas cleaning because the droplet separators are used as roughing
filters. They remove the majority of aerosol generated and return them
into the wet process. This prolongs the service life of the downstream
HEPA filter.

To be able to determine the removal efficiencies of the droplet separa-
tors droplets must be generated whose mass and number upstream and
downstream of the separators can be evaluated with the help of analyti-

cal equipment and related to each other.
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At the inlet of the PASSAT filter section a reproducible droplet spectrum
(Fig.1) was generated by spraying salt solutions with a two-component
nozzle. The spectrum lies in the range of 1 to 23 um with the maximum in
the number of droplets occurring at 4 pm. Upstream and downstream of the

separators isokinetic part streams were extracted from the gas stream.

To obtain validated results several methods were used for determining

the removal efficiencies at the individual filter positioms:

1. Measurement of the droplet sizes at the droplet separators by use of
the particle size measuring instrument HC 15 operating on the light

scattering technique.

2. Introduction of the droplets into heated tubes where the droplets
evaporate, and collection of the residual salt nuclei at Nuclepore

or particulate air filters.

NUMBER OF DROPLETS MASS OF DROPLETS
100
100 HFF Hr
H (%) 1 -"f i H!"
801 J
560-
=
Ll
=
3
[N]
&
401
201
L 04 B
D0 5 10 15 20 0 5 10 5 20
—=dy (um) ——= dy (um)
DROPLET SIZE DROPLET SIZE
\ LAF/82
Figure 1: Size distribution of the injected droplets from
Ba139(N03)2, Na fluorescein and NaNO3 solutions
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2.2 Removal of Droplets at the Wave-Plate Droplet Separator

The wave-plate drovlet separator (Fig.2) constitutes the first filter
barrier in the dissolver off-gas section. In principle, it fulfils the

following two functions:

1. Removal of large droplets (>10 um) in normal operation in order

to reduce the exposure of downstream components.

2. Retention of large amounts of liquid and droplets in case of

malfunction in the upstream NO2 absorption columns.

Figure 2: The wave-plate droplet separator.

By scattered light measurements the specific removal efficiencies were
determined for single droplet sizes at volumetric flow rates between 75 and
150 Std.m3/h at 30°C and 100% r.h. (Table 1). With the face velocity
increasing from 0.63 to 1.26 m/s removal is shifted towards smaller
droplets. The droplet limit sizes for a removal efficiency of 90% are

9, 7.5 and 6.5 um, the corresponding volumetric flow rates being 75, 125
and 150 Std.m3/h.

The mass removal efficiencies for the different volumetric flow rates

were determined by evaluation of the number of the respective droplet
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sizes per unit of volume in the upstream air and downstream air. The

mass removal efficiency rose from 30 to 70% between 75 and 150 Std.m3/h.

In further test series the removal efficiency was determined by spraying
salt solutions and by collecting samples from filters. The droplet mass
was calculated from the amount of salt deposited on the filters and from
the given concentrations of the sprayed salt solution. By measurement
and counting of the residual salt nuclei on the Nuclepore filters the

individual droplet sizes were calculated (Table 1).

Table 1: Measured values of aerosol removal at the wave-plate droplet

separator.
Scattered Light Measurements
75 Std.m>/h 125 Std.m°/h 150 Std.m>/h
D (um) DF n D (um) DF n D (um) DF n
8. 0.62 0.62 3.5 1.0 0.0 3. 1.0 0.0

8.5 4.07 0.75 4, 1.06 0.06 3.5 1.16 0.14
9. 17.78 0.94 4.5 1.32 0.24 4, 1.51 0.34
O 1.70 0.41 4.5 2.14 0.53
5.5 2.14 0.53 5. 2.82 0.65
6. 2.69 0.63 5.5 4,17 0.76
6.5 3.89 0.74 6. 5.37 0.82
7. 5.49 0.82 6.5 9.12 0.89
7.5 9.44 0.89 7. 14.79 0.93
8. 22.39 0.96 7.5 28.84 0.97
8.5 109.65 0.99 8. 107.15 0.99

With volumetric flow rate increasing from 50 to 150 Std.m3/h the mass
removal efficiency is enhanced from 24 to 76% while the pressure diffe-
rential across the wave plate separator increases from 0.5 to 3 mbar

(Fig.3).
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Figure 3: Decontamination factor and pressure

drop as a function of the volumetric

flow rate for droplets (1-25 um).

2.3 Removal of Droplets at the Packed Fiber Mist Eliminator (PFME)

The PFME (Fig.4) serves as a fine droplet separator for droplets <10 um
(density of packing 300 kg/m s thickness 5 cm).

By intermittent spraying it can be cleaned from the salt accumulated. It
assumes the function of a preseparator with a view to prolonging the
service life of downstream HEPA filter. With the PFME exposed to
droplets from a two component nozzle in the upstream air with a

droplet spectrum of 1-23 um and a maximum droplet number of 9-10 Hm,

scattered light measurements were performed upstream and downstream of
PFME.

All the mass removal efficiencies were above 99.999% under this method
of measurement for temperatures of the upstream air of 30 and 60°C

and volumetric flow rates between 75 and 150 Std.m3/h. However,this
value can be used with some reservation only because large droplets are
removed much more conveniently than small ones, whereas a few large

droplets combine in themselves practically the whole mass and thus
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CLEANING SYSTEM
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Figure 4: PASSAT packed fiber mist
eleminator (PFME) for
Vanve ——
L&HMLAHBO droplet removal <10 um.

automatically yield high removal efficiencies. Therefore, the frequencies
of occurrence of identical particle sizes in the upstream and downstream
air were correlated to each other. For small droplets (<10 um) the
removal efficiency specific of the diameter was between 99.8 and
99.99995% with the corresponding decontamination factors of 500 to

2 X 106 (Table 2).

In additional investigations PFME was exposed to sodium fluorescein
particles at volumetric flow rates of 75 to 150 Std.m3/h, 30°C and 20% r.h.
The decontamination factors measured for the particle mass exceeded

1000 for volumetric flow rates of 75, 100, 125 and 150 Std.m3/h, the
decontamination factor decreasing with increasing face velocity at PFME.
This is attributed to the smaller influence of the diffusion effect

during removal.

3. Wave-Plate Droplet Separator

The droplet separator of the PASSAT test facility is a Euroform wave-
plate droplet separator with n = 6 lamellas, a deflection angle a = 45°

and spacings s = 2 cm. The aerosols carried by the air stream are
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forced to follow curved tracks due to the deflection angles of the
lamellas. If these curved tracks are considered as circular arcs with
the radius r, centrifugal forées (Z) and friction forces (W) act on
the aerosols. The equilibrium of these forces results in a radial

velocity v, /2/:
Z = m'v2/2 = p°ﬁ°D3'V2/6°r = 3'1T°D°u°vr =W

ﬂ'v2°D2/18'u°r

or v
Y

where p ist the density of the areosols (1.007 g/cm3), v is the
flow velocity of the gas, D is the aerosol diameter and U is the
viscosity of the gas (~1.88 x 10_6 kg/m®*s at T = 30°C).
The removal efficiency n of a lamella is obtaiied from the ratio of
descent path s' to lamella spacing s:

n=s'/s = v *t/s = v tatr/ves = p'v°D2/18'u = a/s

or u = a°y,

The dimensionless variable Y is termed parameter of inertia. The

removal efficiency of several lamellas is obtained from
n(D) = 1 - EXP(- n®a*¥).
With the numerical values indicated the parameter of inertia reads
¥ = 1.488x10°*VeDZ.
Comparison of n(D) with the following general setup
F(D) = 1 - EXP(- A*DY)
yields the coefficients A(l/mz) and B as

7.012x109‘V
B =2,

>
I
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The following table compares the removal efficiencies, which can be
calculated from the theoretical considerations made, with the

experimental results given in Table 1:

Volumetric Flow Rate Gas Velocity
(Std.m>/h) V(n/s) A(1/m%) S
75 2.20 1.542x101° 0.058
125 3.66 2.566x10° 0.260
150 4.39 3.078x10°° 0.242

where S is the sum of the quadratic deviations of the calculated values

F(Di) from the experimental removal efficiencies n(Di):

k
- 2
S = E (F(D;) - n(D,))

i=1

k = number of experimental values.
The attempt of approximating the experimental removal efficiencies of the
wave-plate droplet separator with the highest accuracy possible, i.e. using
a minimum value of S, was undertaken by the following mathematical setup:

F(D) = 1 - EXP(- A *DP1).

1

The coefficients Al’ B1 determined separately for each gas velocity,
and the respective values of S of the scattered light measurements from

Table 1 were obtained as:

Gas Velocity

V(m/s) A1 By S
2.20 4.53x10°° 7.0 0.003
3.66 7.92x10%1 4.2 0.016
4.39 3.33x1018 3.5 0.037

The values for S demonstrate a marked improvement of fitting as compared

with the previous values. This approximation and the experimental values

have been represented in Fig.5.
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FID) = 1. - CXP(-ACI) *(D**B(1)))

(@) A1) = 4.53E+35, B(1) = 7.0

(o) AC2) = 7.92E+21, B(2) = 4.2

(=) A(3) = 3.33E+18, B(3) = 3.5

-_—
8

3
Y

9,80

0,60

Figure 5: Dependence of removal effi-
ciency on aerosol diameter for
a wave-plate separator at three

different gas velocities.
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It appears from the figure that the removal plots are shifted with
increasing gas velocity V towards smaller aerosol diameters. This is in
agreement with the previous theoretical considerations because with
increasing velocity also the smaller aerosols find it more difficult

to follow the curved current threads. However, the coefficient B1

is obviously no constant value but a function of V. This function takes

the following form:
Bl(V) = 15.36/V.

The other mathematical setups for representation of the aerosol
removal effiencies will be related to the theoretical statements

made; therefore, they are expressed as follows:

2)B(V)

F(D)
with B(V)

1 - EXP(- AeD
Bl(V)/Z.
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This gives

V(n/s) A(1/m%) B
2.20 1.55 x 1010 3.5
3.66 2.68 x 1070 2.1
4.39 3.84 x 1070 1.75

The representation of the coefficients A as a linear function of the

gas velocity V
A(V) = AleV + A2

yields, by application of the least squares method, the following

coefficients
Al = 9.3x10° (s/m>) and A2 =-5xlo° (1/m>).

This two-dimensional approximation produces the following result:

V(m/s) A(1/n%) S
2.20 1.54 x 10 0.003
3.66 2.90 x 101°  0.037
4.39 3.58 x 1010 0.046

The values of S in the preceding table indicate that the

two-dimensional approximation of the function
F(D,V) = 1 - EXB(- (A(V)*D%)2(V))
is acceptable in the velocity range of 2.2 to 2.4 m/s. Sections of

this approximation and the underlying experimental findings have

been represented in Fig.6.

883



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

F(D,V) = 1. = EXP(-(R(V)*D**x2) *xB(V))

ACV) = A1V + A2
A1 = 9.3E+09, A2 =-5.E+09

B(V) = 15.36/2V
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e Figure 6: Section of the two-
& dimensional fitting

and the corresponding
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experimental results.

Symbols similar to Fig.5.

The function F(D,V) in the range of 1 to 12 um of aerosol diameter
and 2 to 8 m/s of gas velocity is shown in Fig.7.

F(O,V) = 1. - EXP(-(R(V) *D**2) *xB(V))

ACV) = A1*V + A2
A1 = 9.3E+09 A2 =-5.E+09
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This approximation give for B(V) =1 a gas velocity V = 7.68 m/s and
ACT.68) = 6.64x1010 (1/m?).

For the expression n°®a®Y one calculates:

neaeY = 5.385x1010'D2

i.e., the linear velocity extrapolation of A(V) gives a higher value
compared with the theoretical one. In addition, measured values are
available of the removal efficiency of a different Euroform wave-plate
droplet separator operated at a gas velocity V =28 m/s /3/. These
results can be described by '

n(D) = 1 - EXP(- 3.05x10-2eD?).

Consequently, the linear dependence on velocity is not sufficient to
describe the results available. Therefore, to represent the dependence

of A, we choose the following power setup:

ACY) = A1eEXP(A20VA%)

with Al = 1.35x1010 (l/mz), A2 = 0.0173, A3 = 2.82

and obtain as a result:

V(m/s) A(l/mz) S
2.20 1.58 x 1000 0.004
3.66 2.64 x 1010 0.027
4.39 4.14 x 1070 0.050
7.68 3.08 x 1012

This approximation has the advantage thatit correlates the theoretical
concepts with the experimental results at hand. However, it calls for an
exponential dependence on velocity of A, the parameter of inertia.
Figure 8 shows the two-dimensional fitting of the experimental results

using the exponential dependence on velocity of the coefficient A(V).
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FOD,V) = 1. = EXP(=(ACV)*D**x2) xxB(V) )

ACV) = AT*EXP(A2*(V*%A3))
Al = 1.356+10, A2 = 0.0173, A3 = 2,82

B(V) = 15.36/2*V
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Figure 9 shows the overall approximation of the removal efficiencies of

the wave plate droplet separator.

FOO,V) = 1. = EXP(=(ACY) *D**2) xxB(V))

ACV) = AT=EXP(A2*(V=xA3))
AL = 1.35E+10 A2 = 0.0973 A3 = 2.82

B(V) = 15.36/2+V
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Figure 9: The complete three-

dimensional repre-
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4, Packed Fiber Mist Elminator (PFME)

A PFME acting as a demister is connected in series to the wave-plate
droplet separator described in the foregoing chapter. The decontamination
factors of the PFME have been listed in Table 2 as a function of the

aerosol diameter /4/.

Table 2 Measured values of aerosol removal at PFME

LogD LogDF LogD LogDF
0.143 2.805 0.555 5.000
0.201 2.875 0.602 5.750
0.279 2.911 0.634 5.607
0.322 3.500 0.652 6.089
0.342 3.500 0.690 6.125
0.380 3.964 0.719 5.821
0.477 4.661 0.748 6.107
0.517 4.768 0.778 6.089

In the initial accident computations on aerosol release from PASSAT

the following representation of this dependence was used /5/:

logDF = 7.4%1logD + 1.11

with diameter D = particle diameter in um.

This corresponds to a straight line in a double logarithmic coordinate
system. The sum of quadratic  deviations between the results calculated
from the equation above and the experimental values is S = 1.74.
Application of the least squares method for approximation of these

experimental results yields the following linear relation:

logDF
with S

6.2°]logDh + 16.0
0.89.

The similarity of the double logarithimc representaion of the
experimental pairs of values (logDF, logD) of the packed fiber mist
eliminator to the representation of the pairs of values (n,D)

of the wave-plate droplet separator led to the following
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mathematical setup:
log(DF) = Ko (1 - EXP(-A*(logD)>) + M.

This selection of suitable initial values followed by application of

the least squares method yielded the coefficients:

A=7.814, B=3.0, K=3.75, M= 2.5, and S = 0.46.

? LAOG(DF) = Ke(1. - EXP(A=LOG(D)»#B)) + M
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Figure 10: Decontamination factor of the PFME as a function
of the aerousol diameter in a double logarithmic

scale.

Figure 10 shows both the experimental pairs of values and their
approximations. The approximation of the experimental values is good
but not suited for description of the overall aerosol removal behaviour
of the packed fiber mist eliminator. The decontamination factor of a
separator approaches DF = 1 for particle diameters getting smaller.

Reasons for this discrepancy might be:
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- Either the two smallest values derived from experiments lead to a

wrong conclusion, i.e., the values actially decrease further towards
logDF = 0;

- or flattening of the function in the range of diameters around
D = 1.5 um is correct and constitutes the superposition of various
mechanisms of filter efficiency, such as the removal of aerosols by

inertia and diffusion effects, respectively.

This discrepancy can be finally clarified only by additional experiments
on aerosol retention at packed fiber mist separators involving smaller
aerosol diamters.

The approximation of the dependence of the decontamination factor on the

volumetric flow rate is based on the following experimental results:

Volumetric Flow Rate

v(std.m3/n) DF
75 4583
100 1854
125 1333
150 1166

The aerosol spectrum underlying these experiments covered the range of
diameters of 0.1 to 0.4 um with the maximum number of particles 0.12 um

in diamter. The mathematical functional setup was:
3 2
F(V) = A/V” + B/V" + C/V + D.

The coefficients of the function are:

A= 9.6'109, B =-1.9‘108, C = 1.4'106, D =-2.6‘103

This approximation actually reflects the experimental values in an exact
manner in the range from V = 74 to 300 Std.m3 but it is not applicable
to the range of volumetric flow rates V <75 Std.m3/h because in this

range it tends towards infinity.
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5. Aerosol Burden

The removal efficiencies of the aerosol filters described in the
preceding chapter allow statements to be made about the spectral
aerosol release and their masses provided that the spectral distribution
and aggregate mass of aerosols in the dissolver off-gas are known. But
this aerosol source term is not available.

Estimates suggest that the total mass of aerosols per Std.m3 off-gas is
about 10 mg, also under the present state of knowledge. If one further
assumes that all aerosols having diameters >10 um plate out at the

tube walls due to gravity, aerosol spectra can be indicated by making
assumptions on size distributions. The following information about the
aerosol source term relates to a range of diameters of 0.1 to 10 um and

three different distributions in size. These are:

- Constant number of aerosols over the whole range, i.e., for each
diamter 0.1,...,10 um, 7'106 aerosols are present. This gives

a total mass of 11 mg/Std.mS.

- An exponential distribution of diameters:
A = 3010%c7P D=0.1,..., 10 um

the total mass is 10.7 mg/Std.ms.

- A Gauss-type distribution of the aerosol diameters:
-1%2
A=2x 109°e(D 172/2 D=0.1,...,10 um
the total mass is 12.7 mg/Std.ms.

Application of the functions for aerosol removal at wave-plate droplet
separators and at packed fiber mist eliminators gives the results in
Table 3. It shows the total aerosol mass upstream and downstream

of the individual separators.
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Table 3: Off-gas flow, distribution of aerosol diameters, and

total aerosol mass upstream and downstream of the separators

Flow Distribution of Total Aerosol Mass (mg/Std.m3)
(std.m3/n) Aerosol Diameters Wave Plates PFME

Upstream Downstream Downstream

A = 7x106 -
10.97 3.37 5.75%10
75 = A = 3x10°¢e™D 10.72 10.06 7.66x10 >
Anef2 i
(2.20 m/s) A = 2x10%ee (P-1)%/2 12.74 12.72 1.29x1072
6 -5
125 = A = 7x10 10.97 1.22 5.58x10
(3.66 m/s) A = 3x10°se D ) 10.72 8.53 7.64x1073
A = 2x10°ee” (P71) /2 12.74 12.37 1.2x1072
6 -5
A = 7x10 10.97 0.65 5.45%10
150 = A = 3x10%0e ™D 10.97 7.36 7.60x10°°2
- -13)2 =]
(4.39 m/s) A = 2x10°ee (D-1)2/2 12.74 11.71 1.27x1072

The table makes evident that a very low dependence on velocity exists
downstream of the packed fiber mist eliminator although under certain
circumstances it must be taken into account to a considerable extent
for the wave-plate droplet separator. The distribution of aerosol
diameters exerts a noticeable influence on the total mass of aerosols
released downstream of the removal system which is particularly
obvious at the wave-plate droplet separator. The influence of the
wave-plate droplet on the aerosol mass relegsed is negligible if one
assumes a Gauss-type distribution of the particle diameters. The three
spectral aerosol size distributions at the inlet of the aerosol filter
section, downstream of the wave-plate droplet sebarator and downstream
of the packed fiber mist eliminator have been represented in Figs.11, 12
and 13.

Figure 11 shows the constant number of aerosols of 0.1 to 10 Um
diameter by the wave-plate droplet separator and, in addition, the

conspicuous change of the spectrum downstream of the PFME.
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Figure 11: Distribution of aerosol
diameters at the inlet,
downstream of the wave-
plate droplet separator,
and downstream of the
PFME.

71Figure 12: See Fig.ll with ex-

ponential distribu-

tion at the inlet.
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Figure 12 represents the specified exponential distribution of the aerosol

diameters and the influence exerted on them by the wet separators.
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Conclusions

The attempt was made in this work to record the removal efficiency

on an overall system for aerosol retention on the basis of the removal
efficiency of the individual components and with certain assumptions
made on the aerosol source term. The poorest result regarding aerosol
release, extracted from Table 3, applies for a 75 Std.m3/h flow and a
Gauss-type distribution of aerosol diameters. The total mass of aerosols
downstream of the packed fiber mist eliminator is 1.29'10-2 mg/Std.m3
which results in a mass of 15.48 mg per dissolution. A constant deconta-
mination factor of DF = 100 gives a release downstream of the HEPA:
filter of 0.15 mg aerosols/Loading of the HEPA filter with 500 g
aerosols is equivalent to approx. 3300 dissolutiomns or a service life
about 10 years. The amount of aerosols releésed during this period is
495 mg. The assumed decontamination factor (DF = 100) is very small

considering that in the PASSAT test facility decontamination factors >104
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have been demonstrated.

As a matter of fact, the calculated service life of a filter of 10 years
seems to be highly utopian and will certainly be strongly reduced as a
result of other influences such as crack formation in the filter media,
ageing of sealing and filter material or uptake of water, specific
radiation burden of the workers (supposed service life 3-6 months).

The calculation of aerosol release performed on the basis of estimating

on the aerosol source term of the dissolver off-gas suggest the following:
the release of aerosols via the dissolver off-gas section of a reprocessing
plant does hardly play any role as compared to iodine release as long as

the system of wet separator remain: intact.
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OPENING REMARKS OF PANEL MODERATOR:

In the organizational meetings for this conference, it was
generally agreed that the nuclear air cleaning industry needs a
forum to establish dialogue among the various participants in the
air cleaning system life cycle: regulators, engineers, designers,
contractors, testers, and operators. In selecting the participants
for this panel, I have included knowledgeable, experienced represen-
tatives from all of these areas. Each of our panel members has
prepared remarks on topical air cleaning issues or pertinent field
experiences. After each panel member has concluded his prepared
remarks, we will ask for members of our audience to step to a
microphone and participate with questions, comments, or some of your
own related experiences.

Before I introduce our first panel member, I'd like to make
some recommendations which should improve this session's benefits:

1. When relating an experience, please refrain from naming
specific utilities, stations, manufacturers, contractors, engineers,
or regulators.

2. Let's keep the session upbeat by not only concentrating on
problems, but mentioning some successes and to what you attribute
that success.

3. Let's remember that many of the country's operating air
cleaning systems predate current codes and standards. If the problem
you're relating would have been precluded by proper use of a current
code or standard, please mention this.

4. Since there are many representatives of various codes and
standards committees in attendance, feel freée to make suggestions for
new standards or revisions to old ones which would help you solve
your field problems.

It is my hope that we leave this panel session today with a
better understanding of our current air cleaning system problems and
perhaps some insight into how we can work together better in the
future to solve them and avoid their repetition.

I'll reserve a few minutes at the end of this session to

solicit your reaction to this session and discuss the possibility
of more frequent forums of this type.
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REGULATORY EXPERIENCE WITH NUCLEAR AIR CLEANING

Dr. Ronald R. Bellamy

U. S. Nuclear Regulatory Commission
Region 1

631 Park Avenue

King of Prussia, PA 19406

Abstract

There are a large number of guidance documents available today that are
concerned with nuclear air cleaning. These documents cover a wide range of
technical areas, and have varying degrees of importance. From a regulatory
viewpoint, there are regulations which all licensees are required to adhere to,
there are regulatory guides which present one acceptable means of satisfying
the regulations, there are standard review plans to indicate how regulatory
reviews are performed, there are industry codes and standards to explain de-
tailed technical guidance, and there are plant technical specifications which
are requirements on the Ticensee.

Even with every conceivable effort to publish guidance that is clear,
concise, accurate, and easy to implement, a significant number of questions,
comments, concerns, complaints, and criticisms have arisen with respect to the
available regulatory guidance. Those that have produced the most controversy
are discussed.

I. HEPA Filter Testing

Prior to 1978, all HEPA filters designated for use in engineered-safety-
feature (ESF) filter systems in commercial nuclear power stations were required
to be visually inspected and dioctyl phthalate (DOP) tested at a DOE Operated
Quality Assurance Filter Testing Station prior to shipment to the power station.
This practice was based on DOE requirements since the -early 1960's to use the
QA stations, and was initiated because filter vendors were unable to consistently
provide satisfactory HEPA filters.

Regulatory guidance was changed in 1978 (Revision 2 to Regulatory Guide
1.52), and HEPA filters for use in commercial nuclear power facilities no Tonger
need to he tested at DOE QA stations. The reasons for the change in position
are numerous: (a) the QA tests are a duplicate of those required to be per-
formed by the manufacturer, and are available for audit by licensee representa-
tives; (b) QA station test data showed only 1.5% of those filters designated
for ESF filter installation in commercial nuclear facilities failed; (c) damage
occurs in transport from filter manufacturer to QA station; (d) the cost of the
filters increases approximately 30% when QA station testing is required; and
(e) inplace testing of installed systems is required to verify the leak-tight-
ness of the system prior to use (1).
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Although strong industry support for the change in testing requirements
was expected, just the opposite occurred. Other analyses of the data (2) and
further studies by manufacturers (3), have shown that some technical experts
believe HEPA filter quality is degrading, and the QA station test should be
re-instated for all HEPA filters. At present, Regulatory Guide 1.52, Revision
2, is still in effect, and testing at QA stations of HEPA filters designated
for ESF filter systems at commercial nuclear facilities is not required. It is
to be noted that the availability of the DOE QA stations is clearly stated in
the Regulatory Guide for those licensees that wish to use its services.

II. Applicable Industry Guidance

The guidance available, and revisions, for design, testing, and mainten-
ance of air cleaning components and systems is almost too voluminous to Tist.
Once a commercial nuclear power station receives a license, the technical
specifications contain the controlling guidance. The technical specifications
should be given the weight of laws and regulations. Even if an outdated
version of a document is referenced, this outdated version can be followed by
the plant with no negative legal implications. However, if a newer version of
a document is available, the licensee would be updating his technical conformance
by using the newer guidance. This cannot be done, however, without approval
(by changing technical specifications or resident inspector knowledge).

The bases for criteria for ESF filtration systems is contained in
Regulatory Guide 1.52. Revision 2 is the latest issue (July 1978), and there
are plans for a future revision. The bases for criteria for non-ESF filtration
systems is contained in Regulatory Guide 1.140. Revision 1 is the latest issue
(October 1979), and there are no immediate plans for a revision. As much as
possible, ANSI/ASME N509-1980 provides the guidance for design criteria, and
ANSI/ASME N510-1980 provides the guidance for inplace testing criteria. As
revisions to earlier ANSI standards, these versions contain the latest industry-
accepted guidelines, and are better technical documents than earlier versions,

Laboratory testing criteria for activated carbon was originally based on
RDT M16-1T, which had been referenced in Regulatory Guides and technical spec-
ification. Today, ANSI/ASME N509-1980 includes Table 5-1, "Performance Require-
ments and Physical Properties of (Unused) Activated Carbon." This table indi-
cates both test method and acceptance value. ASTM D3803 (1979) is referenced,
and actual acceptance values are tabulated. Further credibility for the accept-
ance values has been afforded by the publication of ASTM D4069 (1981). When
technical specifications do not supply guidance for all necessary test
parameters, ASTM D3803 s applicable (ASTM D3803 can also be interpreted as
updated guidance based on RDT M16-1T).
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NRC Generic Letter 83-13 (March 2, 1983) is entitled "Clarification of
Surveillance Requirements for HEPA Filters and Charcoal Adsorber Units in
Standard Technical Specifications on ESF Cleanup Systems". This guidance
revised technical specifications to indicate that inplace leak-testing accept-
ance criteria are a function of the credit assigned to the system for accident
analyses.

ITI. Laboratory Testing of Used Carbon

Some of the most difficult data to obtain that would characterize opera-
tion of air cleaning systems are results of laboratory testing of used carbon.
Even when available, data sheets have proven to be incomplete. Furthermore, it
is difficult to compare data from one air cleaning system with another, let
alone correlate data from one plant to another.

When one does, however, analyze the existing data and attempt to predict
the useful life of carbon, an "average" service life for carbon in continuous
service can be predicted of approximately 2100 hours (three months). In order
to build a degree of conservatism into plant technical specifications, labora-
tory testing for jodine removal is presently required after 720 hours (one
month).

The results of laboratory testing should be received by the licensee in a
timely manner, since carbon that fails a laboratory test puts the air cleaning
system into an inadequate operating status. Once an ESF air cleaning system is
defined as inoperable, an action statement is entered in the technical specif-
ications, wherein the Ticensee must return the air cleaning system to operable
status, or shut the reactor down (generally in seven to 31 days). A time period
of 31 days is considered sufficient and appropriate time for a licensee to
obtain a representative sample of carbon, ship the sample to a testing labora-
tory, have the testing performed, and receive the test data.

IV. Redundant HEPA Filters

The recommendation that ESF air cleaning systems contain two banks of
HEPA filters is contained in Regulatory Guide 1.52. One bank should be
installed upstream of the absorber bank specifically to remove particulate
matter, and the second bank installed downstream to act as a redundant bank and
also to collect any carbon fines that are removed from the adsorber bank. This
position is supported by ERDA 76-21. For non-ESF air cleaning systems,
Regulatory Guide 1.140 indicates that some consideration should be given in the
design of the air cleaning system for downstream HEPA filters.
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V. Fuel Handling Area Filter Systems

One of the most controversial topics in the time period three-to-eight
years ago was the designation of the Fuel Handing Area Filter System as
engineered-safety-feature. The characterization as engineered-safety-feature
is important, since if the system is non-engineered-safety-feature, it need not
be redundant, seismic category I, or have any associated technical specifica-
tions. An attempt to make the regulatory position clear is contained in the
discussion section of Revision 2 to Regulatory Guide 1.52, where the "...
emergency air cleaning system for the fuel handling building ..." is specif-
ically identified as an ESF system. This position is based on General Design
Criterion 61 of Appendix A to 10 CFR Part 50 -'The fuel storage and handling,
radioactive waste, and other systems which may contain radioactivity shall be
designed to assure adequate safety under normal and postulated accident condi-
tions. These systems shall be designed ... with appropriate containment,
confinement, and filtering systems..."

Although the issue of designing new plants with ESF air cleaning systems
for the fuel handling area is not of great significance at present, potential
backfits to existing fuel handling systems, and the question of technical spec-
ification applicability are still prevalent. Most operating plants have
technical specifications (ESF) for testing of the fuel handling area air clean-
ing system, even if the system was not originally designed to ESF criteria.

VI. Sizing of Filter Systems

In order to adequately test and maintain ESF filter systems, a maximum
volumetric air flow rate of 30,000 cubic feet per minute is recommended.
Filter layouts of three HEPA filters high and ten wide is preferred. Apparatus
available in the past to uniformly generate sufficient test aerosol to perform
an inplace test on systems larger than 30,000 cfm was not available. In addi-
tion, component changeout becomes extremely difficult with layouts that are
more than three HEPAs high. Recently, a number of entities in the testing area
have stated the availability of equipment to uniformly generate test aerosols
for large (30,000 - 100,000 cfm) systems, but specific substantive evidence has
not been produced. There is some flexibility in the 30,000 cfm guideline
(approximately 10%), and consideration is being given to raise the 30,000 cfm
guideline, but there is still a good technical basis for limiting the size of
systems to 30,000 cfm.

VII. Instrumentation

Guidance for instrumentation required for both ESF and non-ESF air clean-
ing systems was not originally very specific, but was only specified as signal-
ling, alarming, and recording pertinent pressure drops and flow rates in the
control room. The term pertinent meant different things to different people,
and many discussions also arose with respect to control room versus local read-
out, signal alarm versus trip alarm, and status indication. In order to resolve
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these concerns, the latest revision of ANSI/ASME N509 has included appropriate
guidance agreed to by regulatory agencies, designers, architect/engineers, and
utilities. Tables are included for both ESF and non-ESF systems, providing
with great specificity the instrumentation, alarms and handswitches that are
required (shall) as local and remote controls. Recommended (should) instrumen=
tation is also indicated. It is important to emphasize that these tables in
ANSI/ASME N509 specify the minimum instrumentation. A1l inquiries for guidance
on instrumentation are referred to these tables.

VIII. Spacing Between Components

The necessity to provide adequate space inside a filter housing for
inspection, maintenance and testing, has resulted in the recommendation that
there be a minimum of three linear feet from mounting frame to mounting frame
between banks of components. If the filtration components are to be replaced,
the spacing to be provided should be the maximum length of the component plus
the indicated three feet.

For any access, three feet is the minimum spacing considered adequate
without damage to any components, and without severe personnel discomfort. For
components to be changed, further space is required to manipulate the component
into and out of the bank. For example, if a 24-inch by 24-inch adsorber tray
is to be changed out, a total of five feet is necessary as spacing in the
direction that the adsorber tray will be replaced. Although the substantial
cost of increasing the size of a building at a nuclear power station to accom-
modate a large filter system is noted, the position is still valid.

IX. What is Significant?

It is well-known that painting, fire or chemical fumes will poison
activated carbon and result in degraded performance. In order to verify that
unacceptable degradation has not occurred, inplace testing is required via
technical specifications following significant painting, fire, or chemical
release in any ventilation zone communicating with the system. What is
considered significant? Although this may be the most frequently asked
question for interpretation of the technical specifications, the answer is not
definitive. Significant should be interpreted as implying any release that
could affect the performance of the filter system. Some licensees allow this
decision to be made by the plant superintendent, others are silent on who makes
the decision.

Sketchy numerical guidance has been informally pursued. If an HEXIT"
sign is being repainted, then a reasonable person could conclude that this is
not significant, and would not affect filter system operation. If the inside
of the containment structure is being painted, this is obviously significant.
A number of proposals have tried to justify 1000 square feet as a cut-off
between significant and non-significant painting in terms of area, but rigid
justification for this proposal is not yet available.
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On a technical basis, the performance of the carbon is of primary concern
after painting, fire or chemical release. HEPA filter performance would only
be affected by an inordinately large release. However, if testing of the
carbon (inplace or iodine removal) is required, it only makes sense to perform
inplace tests on all components.

X. Representative Carbon Samples

There are a number of techniques available to obtain representative
samples of service carbon for laboratory iodine testing. These include (1)
pulling and dumping an entire tray, (2) pulling and dumping one-eighth tray,
(3) grain thief, (4) pipe-stem bypass canisters, and (5) in-1ine canisters in
trays. These are discussed in Appendix A to ANSI/ASME N509 - 1980. The goal
is to ensure that the sampler is filled with adsorbent from the same lot and
batch as the main bed, and that the carbon in the sample shall have experienced
the same exposure to all contaminants as the entire bed it represents. If this
goal is achieved, then the results of laboratory testing indicate the status of
the carbon adsorbent.

Different technical experts give different opinions as to the best method.
Grain thieves (also termed slotted-tube samplers) are becoming more prevalent
today. Published data (4) has shown that pipe-stem bypass canisters result in
representative sampling. At first glance, individual samples in trays would
appear to be the best. The choice is up to the user, with the stipulation that
for whatever choice made, carbon samples are representative.

XI. Spinster Carbon

Because of significant delays in the startup dates for many reactors,
qualified carbon has been in storage at some sites for up to five years or more.
This carbon, that has yet to be in service, has been given the title "spinster"
carbon. Can you assume that the carbon has not aged over the time period, or
should it be retested to verify degradation has not occurred? The conditions
under which the carbon was stored has much to do with the answer. Was storage
in vapor-tight bags, in steel drums? Was the carbon exposed to any contaminants?
As a rule of thumb, if the carbon was stored properly, it probably need not be
retested if the storage time is one or two years of less. If storage approaches
five years, retesting should be performed. As a conservative assumption, if
you have any concerns about the performance of the carbon, obtain a sample and
send it off to a laboratory for radioiodine testing prior to use. Trying to
obtain replacement carbon §s much easier and cheaper before startup than six
months after startup. When technical specification compliance is a concern, be
sure to discuss the matter with the NRC on site resident inspector before a
problem occurs.
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XII. Reactivation and Reimpregnation

Since spinster carbon has not, by definition, been in service, the argu-
ment can be made that if it has degraded, reactivation and/or reimpregnation
should be allowed. However, precedent has been established that only virgin
carbon is acceptable for installation at nuclear facilities (ASME code sections
under development support this). Although there may be some financial benefit,
the performance of re-treated carbon has yet to be established in actual service
conditions, and the re-treatment is not recommended. The same discussion
applies to service carbon, only with a stronger basis.

XIII. Summary

This presentation has attempted to stimulate discussion in some controver-
sial areas pertaining to nuclear air cleaning. It is not realistic to expect a
group of technical experts to agree on all technical issues, and this is the
case for each of the items discussed above. Some of the items have a firm
basis and are hard-and-fast positions, others are simply acceptable ranges and
guidelines.

Published guidance is continually changing as our experience base is
enlarged, and new questions arise. Consensus standards attempt to address all
issues in a clear, concise and accurate manner. However, this is not always
the case. When concerns arise, it is prudent to seek guidance and clarifica-
tion before proceeding down a path that could lead to technical, legal, or
philosophical problems at a later time.
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FIELD TESTING OF NUCLEAR AIR
CLEANING SYSTEMS AT DUKE POWER COMPANY

Dean M. Hubbard
Duke Power Company
P. O. Box 33189
Charlotte, North Carolina 28242

ABSTRACT

Duke Power has long been committed to protecting the health and safety of
the public we serve. This commitment is reflected in the design, testing
and operation of our nuclear air filtration systems. Duke Power considers
nuclear air filtration as one of several vital means to protect the quality
of the enviromment we live in, not as an umnecessary evil that has been
forced upon us by regulatory agencies.

Nuclear air filtration has come a long way at Duke Power Company since the
start-up of our first nuclear unit, Oconee 1 in 1973. Air filtration systems
in all three Oconee units predate Regulatory Guide 1.52 and ANSI N509. In
contrast, our Catawba Nuclear Station has nuclear air filtration systems
built and testable to the latest codes, standards, and Regulatory Guides. It
is in this wide range of filtration systems and experiences that I would like
to discuss our practices and plans for the future.

I. INTRODUCTION

No one is immune to air filtration problems and Duke Power is certainly no
exception. We share many of the common problems that have plaqued the users

of nuclear air filtration systems. In our 'pre ANSI N509" systems we encounter
problems typical of the early systems such as: an uninspectable filter unit,
leaking filter bypasses, drains flooding the filters, high humidity without
heaters and poor air flow distribution. Most of these type problems are well
documented by the work of C. A. Burchsted.

Problems encountered on newer systems can occasionally be traced to design
oversights but are more often attributable to operating and maintenance
practices. Nuclear air filtration cannot be viewed as just another HVAC

system. All personnel involved with nuclear air filtration must be well inform-
ed of proper practices in regard to their contact with these systems.

IT. NUCLEAR AIR FILTRATION PROGRAMS AND PRACTICES

Duke Power has implemented a number of programs and practices to ensure the
availability and efficiency of our nuclear air filtration systems. In February
of 1982 we held our first in-house training for in-place testing of nuclear air
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filtration systems. This practical training is now offered biannually to
our employees and other utility persomnel. The purpose of the training is
to train new personnel, upgrade experienced persomnel, and to promote the
transfer of nuclear air filtration experience between stations. Attendance
is not limited to testing persomnel but includes Design, Maintenance and
Operations personnel. The course format is structured to allow the partici-
pants to apply the morning lecture information in afternoon lab sessions.
Subject material includes: air filtration theory, design and construction
of Filter units, inspection of filter systems, field and laboratory testing,
regulatory aspects, and troubleshooting. Additional lab time is provided at
the end of the course to discuss field testing problems and to practice field
testing technique. In 1985 this course will be expanded to include more in-
formation on industrial ventilation and air conditioning.

To aid in the resolution of in-place testing problems, we have developed a
troubleshooting guide (see Appendix). The guide utilizes a symptom/problem
chart where the symptom is identified and a series of possible causes are
suggested. The numbering system on the chart indicates the best order to
search for the cause. All the suggested problems listed on the chart are
discussed in some depth in the back of the guide. This guide has proven
useful to our field testing personnel by providing them with a systematic
approach to finding solutions to elusive testing problems.

Another program Duke Power has started is replacement carbon verification.
This program is in addition to the testing done by the carbon manufacturer or
vendor. When replacement carbon is purchased for our nuclear air filtration
systems, random samples of carbon are removed as the carbon shipment is re-
ceived. Care is taken to ensure that samples are collected from each batch
if more than one batch is shipped. The samples are testing for: methyl
jodide removal efficiency (@ 30°C, 95% RH, with 16 hours pre-equilibration),
ignition temperature, screen analysis, and an optional TEDH analysis to
determine per cent impregnation. Duke started this program to assure that
the quality of the carbon being received for use in our systems meets the
requirements of ANSI N509-1980. This provides extra margin for the public
health and safety, as well as preventing unexpected replacement of carbon
and possibly a forced outage. The information can also be used as a baseline
for trending carbon life.

Duke Power has gained significant benefits from the in-house design, con-
struction and operation of our nuclear stations. Feedback information from
Operations and Maintenance to Design Engineering has been used to correct
problems on existing filter systems and improve new systems being specified.
Unique solutions found on existing filtration systems are applied at other
stations where similar problems exist. We are interested in further expand-
ing our base of experience and knowledge by promoting increased information
exchange with other utilities.

Duke Power is encouraged by the efforts being made to improve laboratory
testing of carbon. We support the review of testing technique and the
accreditation of the labs providing carbon testing services. These actions
will help us insure uniformity in the testing of our carbon samples. We are
planning to use carbon testing results for trending the carbon life of all
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all systems in service. This information will enable us to predict carbon
life and better understand the environment that the filter system serves.

One area where we would like to see additional attention is in fire protection
of carbon beds. Perhaps through the misnomer of ''charcoal' the insurance
industry made sure that our carbon beds have water deluge systems to protect
us from the extremely remote prospect of a fire. We have quite a few Type III
carbon beds that would be at great risk if such a water deluge were released.
We would like to see and would support efforts to prove that fire protection
in the form of water is unnecessary.

III. (CONCLUSION

In conclusion, we at Duke Power have seen much progress in nuclear air fil-
tration design, operation, maintenance, and testing of these systems. We are
convinced of the value and importance of utilities taking a more active role
in the proper operation, maintenance, and testing of nuclear air filtration
systems. Utilities should not rely too heavily on consulting services, since
we are ultimately responsible for the day-to-day operation of our systems.

We look forward to increased contact with other utilities for resolution of
problems and to assist in the training of personnel.
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APPENDLX

TROUBLE SHOOTING GUIDE FOR THE PERIODIC IN-PLACE
LEAK TESTING OF HEPA FILTERS AND CARBON ABSORBERS

Dean M. Hubbard

GUIDE APPLICATION AND USE

This guide was developed to aide in solving problems that occur during periodic
in-place leak testing of HEPA Filters and carbon adsorbers. Due to the wide
range of problems that can occur and the differences in test equipment, filter
systems, and testing technique, it becomes almost impossible to address every
problem. The purpose of this guide is to provide an approach to finding and
solving most filter testing problems.

Certain assumptions have been made concerning the types of equipment used and
the types of tests performed. The following information is assumed:

a. The particulate filters are HEPA filters,
b. gas adsorber filters use impregnated activated carbon as the adsorbant,

c. the challenge agent for testing the HEPA filters is dioctyl phthalate
(DOP) aerosol,

d. the challenge agent for testing the carbon adsorbers is refrigerant 11
(R-11),
e. leak detection equipment for the DOP is a forward light scattering photo-

meter and,
f. leak detection equipment for the R-11 is a gas chromatograph.

Deviations from the above assumptions must be taken into account when using
this guide.

When problems occur, consult the symptom problem chart and find the column
listing the symptom. A number of possible problem areas are circled and
numbered. The numbering system suggests the best order to search for the
problem not based on the most probable cause but rather the easiest to most
difficult problems to verify. This is intended as a time saver.

If more information is desired, a column lists the page of the guide where the
information relative to the indicated problem may be found.
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FILTER TESTING TROUBLESHOOTING GUIDE
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I. Other Refrigerants in System

The gas chromatograph used to detect the R-11 challenge for the carbon adsorb-
ers is also sensitive to similar halocarbons and gases normally found in a
nuclear facility. Solvents used in painting and cleaning (e.g., trichloro-
ethylene) also can be detected by the gas chromatograph and result in addition-
al peaks. These peaks may or may not interfere with the R-11 peaks depending
on when they occur on the chart. All additional peaks should be marked on the
chart and an effort made to identify the source of the peaks.

Contaminates can not only affect the accuracy of test data but can also "load"
the carbon adsorber such that the carbon must be purged for a length of time or
must be replaced. For this reason it is recommended that the source be identi-
fied to avoid future contamination and to avoid confusion in future tests. A
technique to identify contaminates is outlined below:

A. Using the downstream probe on the chromatograph, take samples from the
room where the test is being performed and from the filter system. If the
sample from the room shows the contaminate then most likely painting is
being done, or an air conditioning system is leaking somewhere nearby. If
the sample from the filter system shows the contaminate, then the contami-
nate is located in one or more of the areas served by that ventilation
system.

B. Search the suspected area and look for any of the following listed
sources:

air conditioning equipment leaks,
refrigerant bottles (empty or full),
cleaning liquids,

solvents (in cans or on rags)

spray lubricants,

degreasing cleansers,

dry cleaning solvents, and

painted areas or paint cans.

O~ OB WN -~

Once the contaminate source is located, remove it from the area if possi-
ble or if there are leaks have the leaks sealed. Painted areas will
require time to dry thoroughly.

Cx After the source of contaminate release has been eliminated, take another
sample from location of contaminant release to confirm that the air is
contaminate free. If the contaminate remains in the filters (as shown by
"clean" air upstream of the filters and contaminated air downstream of the
filters), then run the system 2-8 hours* to purge the filters of remaining
gas. In some cases purging for extended lengths of time will not remove
the contaminate and the replacement of the carbon adsorbant could become
necessary.

*See problem VI "Carbon Adsorbers Saturated With R-11 or Contaminant"
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II. Equipment Out of Calibration

When the calibration of the equipment is suspected, first check the calibration
date on the equipment. If the equipment calibration has expired or is close to
expiration have it recalibrated. If not, the following steps should be taken:

A. Verify that all settings on the instrument used during the test were/are
correct. Any equipment interfacing with the equipment in question should
also be checked.

B. Produce known conditions to verify calibration.

For Chromatograph

(1) Verify zero readings

a. close all sample parts with tubing caps
b. cycle through several readings
c; instrument should "zero" properly

(2) Field calibrate with calibrated gases

a. introduce calibration gases according to procedure
b. cycle through several readings
c. compare readings with expected readings to confirm calibration

III. R-11 Generator Flow

The primary function of the R-11 generator is to convert R-11 from a liquid to
a gas and to meter the amount of R-11 entering the filter system. This process
can require frequent monitoring depending on the manufacturer and design. It
is very important that the rate of R-11 injection remain constant to achieve an
accurate comparison of upstream and downstream concentrations.

Rotometers are built into most R-11 generators to measure flow. Check to see
if the rotometer indicator ball moves freely in the full range. If not, the
rotometer should be cleaned with alcohol and checked again.

If a rotometer was not included on the R-11 generator or the one provided is in
question, then substitute a rotometer or another flow measuring device to
confirm R-11 injection levels and the stability of that level.

Additional checks for the R-11 generators include:

a. Checking all fittings and connections for leak tightness

b. Make sure that the supply of R-11 is adequate

c. Check the heating element and make sure it is operating at the correct
temperature.
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IV. Sample Lines Pinched or Reversed

To insure the integrity of the sample it is imperative that the sample tubing
be completely free of any holes and/or kinks. Due to the sensitivity of the
instruments which analyze the samples (the chromatograph can detect 1 particle
per billion) every effort must be made to keep this tubing and its respective
fittings leak tight and free of constrictions.

Sample lines should be visually inspected frequently for holes and kinks
(folds) in the tubing. If holes are suspected they can be confirmed by pres-
surizing the sample lines with the N2 actuator gas and applying a soap type
leak indicator on the suspected leak. If the bubbles appear indicating a leak
then the tubing should be replaced. Leaky fittings should be tightened or
repaired if possible and replaced if not.

V. Probe Not Properly Positioned in Flow

The tester should be aware of the problems caused by air flow distribution.
Sharp bends in the duct work or filter housing may cause the air flow to
separate from the innerwall of the bend forming a "dead" pocket of air. Sudden
diverges in the duct work can cause the same separation which usually results
in the formation of large eddies.

It is important when establishing test port locations that an equal area
velocity profile be taken to assure that the sample is taken from the main-
stream of the airflow and not from a "pocket" of stagnate air. A copy of the
velocity profile for each sample port should be kept on file and on hand for
reference purposes. Section 9 of Industrial Ventilation by the American
Conference of Governmental Industrial Hygienist outlines a good technique for
taking a velocity profile.

VI. Carbon Adsorbers Saturated With R-11 or Contaminant

The activated charcoal in nuclear air cleaning systems is used primarily to
adsorb organic radioiodine compounds. However, activated charcoal is also able
to adsorb other gases as well, including the tracer R-11 which is used in
testing. A given quantity of activated carbon has a limit to the amount of gas
that can be adsorbed. The point at which the carbon adsorbant reaches its
capacity is known as its breakthrough capacity.

In testing, if too much R-11 is injected into the system being tested, break-
through capacity will be reached, and R-11 will be detected downstream of the
filter banks in quantities that would seem to indicate a leak in the filters.
Breakthrough can be distinguished from a mechanical leak by observing when the
apparent leak appears. If the leak appears after several '"no-leak'" samples are
taken_ and continues to increase, then most likely the filters are saturated
with R-11. A mechanical leak will appear at the very beginning of the test
immediately after the F-11 is introduced into the filter system.
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Contaminates such as, solvents from paint, cleaning solvents, refrigerants from
cooling systems (see Problem 1 "Other refrigerants present in system"), and
high moisture content can saturate the carbon to the point where R-11 cannot be
adsorbed. the result is a loss of adsorption sites and a relatively quick
breakthrough of the R-11 when it is injected for a test. The best indication
of this problem is a high background, or if water is the contaminate, the
humidity of the exit air should be significantly higher than normal.

The best solution to the above contaminate problems is to identify and remove
the source of the problem. Once the source is removed it will be necessary to
run the system (2-8 hours) and allow the contaminates to desorb from the
charcoal. Heaters (if available) should also be run to reduce the time re-
quired to desorb the contaminants. If the contamination of the carbon  cannot
be corrected, the carbon must be replaced.

On some systems, guard beds of carbon are placed upstream of the carbon adsorb-

ers to protect them from contaminates. This bed needs to be checkeg for
contamination and saturation that can affect test results.

VII. Room Contaminated With R-11

When testing the carbon adsorbers, the R-11 gas generator is often located in
the same room as the chromatograph or near the duct work that feeds into the
system being tested. In the process of gasifying the R-11, a considerable
amount of it can escape into the room and enter into the chromatograph through
leaks in the fittings. R-11 can also leak into the duct work through cracks
and affect test results. Because of the sensitivity of the chromatograph,
extremely small quantities of R-11 can have a drastic effect.

It is recommended that the R-11 generator be made as leak tight as possible and
that all fittings used with the chromatograph be checked for leak tightness.
Some people prefer to remove the R-11 generator from the room and use long
injection lines. However, this can make it difficult to monitor the flow of
R-11 into the system and is usually not recommended.

VIII. Carrier Gas Contaminated

The chromatograph is an extremely sensitive instrument and must have a carrier
stream void of any contamination. Outlined below® are the most common sources
of carrier gas contamination:

A. Poor quality carrier gas. You must use chromatographic grade carrier
gas for good results. Never let the pressure in the external carrier
gas supply bottle get below 500 psig. At this point the bottle should
be considered empty. Allowing a nitrogen bottle to become empty (0
psig) can severely contaminate your system.

B. Contaminated carrier gas filter. This filter is an optional molecular
sieve-type filter that is placed in-line between the external carrier
gas supply cylinder and the instrument. Its purpose is to trap moisture
and contaminates.

*Information in part from Valco Instrument Co. Operation Manual for Model 100
Halocarbon Monitor.
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This filter quickly becomes "loaded" with contaminates when poor quality
carrier gas is used or if you leave it exposed to the atmosphere. It
can be cleaned by removing the carrier gas line from the instrument,
then heating the filter with a torch to red heat with carrier gas going
through it. When heating the filter, always start at the upstream end
first (towards the regulator) and work down the filter slowly. After
you finish with the filter, heat the stainless tubing. This will boil
off any moisture or other contaminants in the filter or tubing. For the
best results, this should be done after external carrier gas supply
bottle is replaced. Be sure to recap lines after every use. Keeping
the system clean is of the upmost importance.

C. Column "loaded" with contaminant. After heating the filter, check your
fittings with a soap like leak detector for leaks. If you suspect the
chromatograph has moisture in it, connect the carrier gas and let it run
for a day with carrier gas going without running samples. Check the
chromatograph for improvement after it has run for a day.

"Ioaded" columns often occur if: the carrier gas filter has become
contaminated, the unit has been idle without the sample ports being
capped, or a large slug of R-11 has entered the unit. The best way to
correct a loaded column is to increase the column temperature (if
possible) and let it "cook-out" for four to five hours; then return the
temperature to normal. On heavily loaded columns it may be necessary to
"cook" them for extended lengths of time.

D. Use of improper carrier gas regulator. The carrier gas regulator must
be a new two-stage regulator with a stainless steel diaphragm. Any
other type can cause baseline problems due to air diffusion through the
diaphragms. Two stages are necessary for good pressure control without
drifting.

E. Improper material for carrier gas line. The carrier gas lines that
connect the supply tank to the instrument should be manufactured of
stainless steel. Plastics tend to give off contaminates and metals such
as brass or carbon steel are too porous to totally eliminate contami-
nates. When stainless steel tubing is contaminated or'new, it must be
first flame-cleared before putting into service. All related fittings
should be treated in the same manner.

IX. Weak Electron Capture Tube

The heart of the chromatograph analytical capability is the electron capture
tube. In this tube is a radioactive source which ionizes the carrier gas
creating free electrons. Gases other than the carrier gas that enter the
chamber reduce the free electron density by capturing these free electrons and
thus infer the concentration of the gas compound present. The radioactive
source can deteriorate through use (and misuse) and need replacement.

If the standing current is low first go through all the checks and corrective
actions in the Problem VIII "Carrier Gas Contaminated." If the low standing
persists, send the instrument back to the manufacturer to correct the problem.
Most likely the electron capture tube is weak and needs replacement which is
usually done by the manufacturer.
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X. Instrument Column Saturated

The "column" in a chromatograph is used to separate gases in a sample before
the gases enter the electron capture tube to be analyzed. The column is a long
tube filled with "Chromosorb"®* which separates gases by delaying the different
gases in the mixture for different lengths of time.

A high concentration of R-11 entering the column will saturate the column and
result in the R-11 "bleeding-off" the column for long periods of time. The end
results can be unusual peaks, zero base line shifts and a decreased standing
current. If a loaded column is suspected, raise the temperature of the column
to approximately 150°C (if possible) while purging the column with 99.999% pure
carrier gas overnight. Note: Contamination of the column can also occur when
the carrier gas filter becomes contaminated or the carrier gas itself is not
pure (99.999%).

XI. Instrument Settings/Setup

There is little room for error when setting up filter testing instrumentation,

especially for the R-11 test of the carbon adsorbers. When problems occur, the
first trouble shooting actions should be to check all aspects of the equipment

setup and the settings on the equipment.

A check list should be written for each test procedure that includes all
aspects of the equipment setup. It is recommended that the checklist include
all the following: tubing connections, electrical connections, instrument
settings, gas pressure settings, and sample line connections. Simple mistakes
can often result in the most baffling problems which could be easily avoided
with a checklist.

XII. Vacuum Pump Malfunction

The vacuum pump is used to pull the sample through the tubing and the instru-
ments. Vacuum pump failure would seem to be an obvious problem, but with the
high noise levels found in HVAC rooms it is an easy problem to overlook. A
vacuum should be verified each time the pump is operated by moistening your
finger and placing it over the end of the sample tubing. If a vacuum is
present the tubing will have a slight pull on your finger.

Some vacuum pumps will become '"caught" in the middle of a stroke when turned
off and "freeze" when turned back on. This can be corrected by loosening the

tubing fittings on the pump momentarily "breaking" the vacuum. Care should be
taken to retighten the fittings to assure a good seal.

*"Chromosorb" is a registered trademark of Johns-Manville Co.
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XITI. Insufficient DOP In System

Large filter systems require larger amounts of DOP to achieve an adequate
concentration for testing. If it becomes difficult to adjust the particulate
detector to 100% for the upstream base, then it can be assumed that more DOP
needs to be introduced into the system. The manufacturer of the DOP generator
should be consulted on the maximum size filter system that can be tested for
the model used.

Extremely large filter systems may require larger amounts of DOP than one DOP
generator can produce. In this case a second generator may be required, or
some manufacturers recommend adjusting the gain control on the detector until a
50% reading is obtained (instead of a 100% upstream base). Testing may then be
performed with penetration readings multiplied by 2 for relating the reading to
a 100% base. Other smaller bases can also be used as long as the test reading
is multiplied by the proper factor to bring the reading to a 100% base. A
requirement for this technique is that the particulate detector being used has
a linear output scale.

XIV. Mechanical Leaks

A mechanical leak is a leak that occurs when the contaminate to be filtered
(particulate or gaseous) finds a pathway through or around the filters that is
large enough to exceed the maximum allowable limit. Mechanical leaks for the
HEPA and carbon adsorber will be discussed separately.

HEPA Filters

If the particulate detector indicates a leak in the HEPA filters, the first
action should be a visual inspection of the filters for: tears, holes, and
welding burns. A large leak of DOP can usually be found visually. Look for
any housing or system leaks such as: drains, conduits, bypass dampers, cracks
in the housing, cracks in the concrete flooring, welding cracks, and silicone
sealant leaks.

If no obvious leaks can be found, scan the filter banks and housing downstream
of the filters to locate leaks with a hand-held probe. Gaskets between the
filter and housing should be compressed 80% to assure a good seal.

Another technique is to illuminate the upstream side and search for light
penetration on the downstream side of the filters. Any light penetrating the
filters represents a leak in the filter. This technique is only effective with
fairly large leaks. Retest after assumed leak is found and sealed.

Charcoal Adsorber Filters

Leaks are more difficult to determine and more difficult to locate in carbon
adsorbers than in the HEPA filters. First it is critical to kmow the charac-
teristics of a leak as seen on strip chart output of a chromatograph.

The most important characteristic of a mechanical leak is that it rapidly
appears in the downstream sample after the R-11 is injected upstream. Like-
wise, the leak rapidly disappears (the downstream R-11 peak decreases signifi-
cantly) when R-11 injection stops. Other problems with the filters_ or
equipment do not affect the downstream peak as rapidly over time. Usually, the
first downstream sample will raise the peak height after R-11 injection when a
mechanical leak is present.
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In contrast, filters that are saturated with R-11 will begin to allow R-11 to
escape downstream and slowly increase the peak height over a longer period of
time. If R-11 injection is stopped, the saturated filters will continue to

give off R-11 with almost no immediate decrease in the downstream peak height.

Leaks once determined can be found in a similar manner to that described for
HEPA filters. Look for any housing or system leaks such as: drains, conduits,
bypass dampers, cracks in the housing, cracks in the concrete flooring, welding
cracks, and silicone sealant leaks. Gaskets between filter and housing should
be compressed to 80%* to assure a good seal. Frequently leaks that occur in
tray type filter systems are due to gasket relaxation.

Another frequent cause of mechanical leaks is the settling of the carbon in the
trays or beds creating pathways through the charcoal. This problem can often
be detected by illuminating one side of the filters and observing the level of
the carbon from the other side. However, tray type (Type II) filters usually
have to be removed to check for settling therefore, gasket compression between
the filter and housing should be checked before removal.

If the leak or leaks cannot be discovered with the above methods, use the
downstream sample probable to scan the filter(s) and housing downstream of the
filters. When scanning, time must be allowed for the chromatograph to analyze
the sample and indicate the R-11 level.

XV. Equipment Malfunction

The best way to ascertain whether or not a testing problem is due to the test
instrument malfunctioning is to produce known conditions for the instrument and
compare the results. This is in essence a type of calibration where it is
assumed that if the instrument operates correctly under known conditions, that
it will operate correctly under unknown conditions. The manufacturer's opera-
tion and maintenance manual should be consulted for becoming aware of potential
problems and to help troubleshoot problems when they do occur.

Before setting up a test for the instrument in question make a preliminary

check of the instrument settings and set up, the owner supplied fuse, and the
calibration date.

XVI. Scattering Chamber Dirty

The scattering chamber in a particulate detector is the device in which the

sample is analyzed for the concentration of particulates. High concentrations
of DOP or dust can contaminate the scattering chamber by coating the sides and
increasing the "scattering" of the light. The result is that the "straylight"
control becomes uncontrollable making it impossible to adjust incidental light.

The only remedy is to have the scattering chamber cleaned by the manufacturer
or qualified instrument personnel.
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XVII. Poor Mixing of Challenge Agents

Poor mixing of the challenge agents with the system air can cause widely
varying concentrations of the challenge across the face of the filters and
could leave portions of the filter or filter bank totally unchallenged. This
is especially a concern with the DOP aerosol but can be a problem with the R-11
gas as well.

Mixing uniformity of the challenge agent with the system air should have been
verified during the initial start up testing according to ANSI/ASME N510-1980
Section 9. If there have been any modifications in the filter unit, duct work
servicing the filter unit, test port locations, or challenge injection port
locations, then the mixing uniformity of the challenge agent should be verified
according to the aforementioned standard.

In the event uniform mixing is not present in the system, a new challenge
injection port should be chosen further upstream in the system to allow in-
creased mixing. Another alternative is to add mixing baffles if another
injection location is not possible. New injection locations or baffles should
then be verified for their effectiveness.

XVII. Expended Carbon

Expended carbon is carbon that no longer has the ability to adsorb gases as
specified in Regulatory Guide 1.52 Rev. 2 due to age and environmental factors.
This state is evidenced by the test gas (R-11) passing through the carbon
almost immediately upon introducing the test gas into the system air. Expended
carbon will test very similar to a mechanical leak in the system and for this
reason, all efforts should be made to locate possible leaks before concluding
that the carbon is expended carbon. The lab test of a carbon sample is the
only way to definitely confirm expended carbon. This involves sending the
carbon to an independent lab which is expensive and can take up to 30 days or
more for an answer. Therefore, it is important to search for any possible
leaks in the system first.

Activated carbon has an undefined but limited life which is dependent on the
environment to which the carbon is exposed. High humidity and fumes from
welding and cleaning can dramatically reduce the life of activated carbon.

"New carbon" is generally expected to have a shelf life (when properly sealed
in storage) of 3 to 5 years when it can meet the specifications of new carbon.

Used carbon is any activated carbon which is currently being used in a filter
system or has been used in a filter system. Under ideal conditions of low
humidity and no fumes, used carbon can last 8-10 years. High humidity and
fumes can shorten carbon life to as little as 18 months. This can be prevented
by limiting the carbon's exposure to fumes and by running the system's heater
coils periodically (if available) to reduce the moisture on the carbon.

Consult your station's Technical Specifications for the specification of the
test on used carbon.
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NATS FIELD TESTING OBSERVATIONS AND RECOMMENDATIONS

John W. Jacox
Jacox Associates
1445 Summit Street
Columbus, Ohio 43201

I. Abstract

In many cases good engineering practice has been forgotten and
replaced with blind adherence to meeting the letter of the "nuclear"
reqgulations. There is much too much diversity in the interpretation
and implementation of codes, standards, and regulations by both the
NRC and utilities. It is not reasonable to design an acceptable
system in regard to long-term-operation, maintenance and testing
unless designers observe those functions in an actual operating
plant.

II. Introduction

Over the past 17 years or so, I have been deeply involved with
Nuclear Air Treatment Systems (NATS). Recently, this involvement
has focused on startup and ANSI/ASME N510 Acceptance Testing at a
variety of plants. These have been BWR and PWR plants owned by
single reactor utilities and experienced multisite utilities. My
experience includes basic consulting on the startup/test procedures,
technical specifications and FSAR's; initial walk-throughs of plants
to point out the obvious problems through actual testing of systems
to qualify other Field Test Engineers to a utility QA Program.

As you would expect, there is great diversity in the physical
systems, level of technical expertise and attitude. Equally impor-
tant is the great diversity in utility interpretation of 10CRF50
Appendix B and their methods of implementation.

ITI. Observations

A few general correlations seem to exist. I stress these are
purely empirical, and personal observations based on current exper-
ience at over half a dozen startup sites. These observations are
based on plants that use outside contractors for NATS Acceptance
Testing. In all cases there are individual exceptions; excellent
people in poorly managed situations and the occasional "bad apple"
in the best operations.

1. The greater the involvement of the utility operations
personnel, the smoother the startup and testing and the better the
final systems.

2. The more education, background and experience the client

(utility, A/E, etc.) has in NATS the smoother the startup and testing
and the better the final systems.
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3. There seems to be no relationship between overall utility
experience or number of operating plants and startup and acceptance
testing efficiency or system quality.

4. The simpler and more standard the plant QA/QC and Security
requirements are, the fewer unnecessary problems we experience.
I stress this is over and above the specific added paperwork, it is
an all pervasive inefficiency and attitude at a site with excess
requirements. Universally accepted QA personnel gqualifications,
security and medical "certification" would save significant time,
money and confusion versus today's situation of each plant having to
duplicate everything to allow a contractor to work. This, of course,
applies to all work and workers.

5. Prior experience of individual utility or architect-
engineers can either be a great benefit or problem, depending on the
specific experience. Where the engineer learned general technology
and NATS background, the experience is extremely valuable. Unfor-
tunately, in a few cases an individual with only limited prior
experience can be under the impression that there is only a single
approach and all related work must be tortured into conformance
with his experience.

6. There is extreme diversity in the utility and NRC inter-
pretation of the same documents (10CFR50 Appendix B, Regulatory
Guides, ANSI Standards, etc.) from Region to Region, and project to
project. Uniform training, better understanding and direction and
overall better communication by the NRC at all levels and through
all Regions would be of great benefit to the industry and country.

7. 1In general there is very little understanding of the
adsorbents used in NATS. The results range from a common lack of
caution in storage, testing, QA document control and installation to
a few cases of over caution. Actually it is difficult to be over
cautious given the great cost, and delay, if the adsorbent does not
meet the Technical Specifications requirements when needed for start-

up.

8. One almost universal problem is the lack of adequate pro-
vision of testing manifolds for series filter banks. The usual
"provision for testing" is a nipple with a pipe plug in the door or
wall of the housing. This meets neither the letter, nor intent, of
current N509/N510 for leak testing series banks. Out of 200 systems,
I have seen only two systems with what I consider acceptable sample
manifolds. Both N509 and N510 need to be much more specific as to the
physical provisions for testing since the industry (and NRC) has not
met (or enforced) the intent of the current documents or even used
good engineering judgement. N510-80 is currently being revised and
will carefully address this area.

9. My final comment is the observation that, contrary to the
attitude or position of many people involved in NATS, we are not
meeting the letter or intent of the nuclear specifications (A/E Specs/
N509/N510/NRC Regulations, etc.). All the engineering principles and
experience for well designed HVAC type systems must also be included.
We did not throw out good engineering practice when we added nuclear
requirements.
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IV. Summary

In summary, the diversity of theoretically identical systems
constructed to the same standards and NRC regulations is unnecessary
and counter productive. The NRC should improve their consistency in
enforcement. The utilities and industry in general must work toward
common systems rather than seeming to go out of their way to develop
unique systems of QA, Audits, Security, Medical, etc., for each site.
The A/E must work toward more common and well conceived specifica-
tions and bid review. Long term operation, maintenance and testing
seem to be of very low priority in the overall design. The NATS
fabricators must be more forceful in responding to inadequate speci-
fications by pointing out weak areas and proposing alternates.

In general, we must retain the objective of good engineering judge-
ment as well as simply meeting all the specific "nuclear" require-
ments.

We all must work more closely and improve our communications at
all levels. These conferences are excellent, but not enough of the
working level engineers attend and the utilities are usually under
represented. I propose we investigate some method to allow the
designers and utilities personnel access to actual startup experience
and later operational experience.
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IN-PLACE TESTING OF NON ANSI-N509 DESIGNED SYSTEM

W. R. Lightfoot
Florida Power & Light
Turkey Point Plant

An immediate problem is trying to test older equipment to
tighter regulatory standards. This process involves developing
alternative test methods for situations where standard procedures
just don't apply.

There are two problems with developing alternative test methods
for non-standard situations; first, one is not always sure they will
work, and second, change is not readily accepted.

In the first case, most systems have technical specification
time limits for being out of service; therefore, the opportunity
for experimentation is limited, especially if the results are
unsuccessful or inconclusive.

Second, alternative tests, however valid, are more difficult to
get reviewed, approved and audited than verbatim compliance because
they require evaluation and judgement.

Recent events at an older plant have pointed to some of the
problems that can be encountered when trying to get older systems to
meet recent standards. For example, the internal cleanup systems
located inside the containment have an inaccessible suction and do
not mix air and aerosal uniformly. During a recent outage, several
attempts were made to achieve uniformity by use of a field fabricated
distribution header, all to no avail and multiple sampling had to be
employed.

The multiple sampling technique entails its own difficulties in
that both the 1975 and 1980 (ANSI N510) standards specify that the
maximum reading for each traverse area be used. This is satisfactory
for the downstream sampling but will yield a less conservative result
when applied to the upstream readings.

The multiple sampling technique can be adopted for the HEPA
filter test by manually moving from one area to the next, it just
takes a little longer. 1In the case of the time dependant adsorber
test, this becomes impractical especially in a large system with
over one hundred trays. Therefore, a manifold was developed to get
a representative sample.

In addition when using the multiple sampling technique, the
standard specifies that the 95% confidence levels be calculated and
reported, but doesn't specify if they should be used for acceptance
criterion. Fortunately in our case, the lower limit was also
satisfied.
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These are some of the problems encountered and alternatives
employed to ensure that a valid test was performed on a system not
designed to be tested to today's standards.
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DISCUSSICN

MILLER: Two items come to mind. One,is that utilities
don't seem to be anxious to change their technical specifications,
I think, because that option opens up the docket and they end up
with the Intervenors sitting in their backyard trying to reopen a
lot of other issues. 1Is there anything that can be done, or any
steps that are beling takens;to overcome some of the impediments to
revising technical specifications?

BELLAMY : One of the best things that could be done in that
area is to make sure that the NRC staff members at headquarters,
speciflcally the licensing and operating reactor project managers,
know in advance what your concern is and where you are headed. Make
sure you discuss 1t with them so that you don't get into a big dis-
cussion later about what i1s right and what is wrong, and then find
out aifter you have gone down a path, that the technical specification
change that you have requested, for whatever reason, will come up
with some road blocks in the future. T think i1t is also probably
worthwhile to indicate that 1f a licensee takes the initilative and
requests a technical specification change, there will be a fee in-
volved with that process.

As a regulatory agency, the NRC 1s frequently called upon for
interpretations, explanations, comments,and also recelves 1its share
of concerns, complaints and criticisms. Since Nuclear Regulatory
Guide 1.52 was first issued in 1973, many of these discussions have
related to air cleaning. In the papersI have listed what T consider
to be the eleven technical areas which have received more than theilr
share of discussion since I have been involved in nuclear alir clean-
ing with the Nuclear Regulatory Commission.

I discussed five of these topics brieflv they were
HEPA filter testing, applicable industry guldance, spinste: carbon,
definition of significance, and reactivation and reimpregnation,
With respect to HEPA filter testing at quality assurance stations,
revision 2 to Regulatory Guide 1.52 makes testing voluntary.

MILLER: Is the NRC doing anything to educate their
inspectors to be more familiar with the type of air cleaning systems
and some of the specific problems you mentioned today?

BELLAMY : I think that a lot of the problems I discussed
today are also a part of the control room habitability study concerns
that Mr. Hayes discussed earlier this week. T know for a fact that
in Region 1, we have conducted a large number of seminars and every-
body in that region knows my personal concerns with nuclear air
cleaning. I have discussed them with my counterparts in the other
regions and I would hesitate to stand before you and say that each of
the other regions places the same emphasis on nuclear air cleaning
that I require of my inspectors in Region 1, but I am personally
trying to do as much as I can in that area.
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KOVACH, J.L.: he first question 1s related to painting. 1In

some discussions, a slightly different number was being used, such

as 100 sq. £t./1000 cu ft. However, I think when you paint an area,

it should always be tied to the cfm of air being moved because that

is more relevant. If you paint 1,000 sq. ft. in a control room

where you may have 2,000 cu ftpwit may have a very different effect
than painting 1,000 sq f£. in an auxilliary bulldineg where you may
have 40,000 - 7O 000 .cu ftﬁm As I have stressed in the past, my prefer-
ence would be to establish a painted area to cfm ratio.

BELLAMY: Or an air change ratio?

KOVACH, J.L.: Something like that, rather than just an absolute
number.

BELLAMY : I have to agree with you. As a matter of fact,

the licensee I referred to as having a very detailed procedure to
handle painting, does specify a square foot per cfm number.

KOVACH.J . L. A second question relates to carbon regeneration.
If I find that I have a hlgh Freon background in a particular area,
and I strip the Freon off in order to run an in-place test, is that
a regeneration?

BELLAMY : I would think not. By reactivation, I mean
taking the carbon back and actually going through a high temperature
process to reactivate the carbon. I think that any treatment in
place that does not involve the use of chemicals, but involves just
a flow of air at whatever temperature and humldlty that you think

is technically correct would not be considered reactivation.

KOVACH, J.L. So if I do a bad regeneration at 80C, that is
acceptable, but if I do a good regeneration at maybe MOOC, that is
not acceptable?

BELLAMY : I am not sure I understand your point.
MILLER: I think he is asking you a trap question.
KOVACH, J.L.: If T do 1t in-place, let's say at 80 C, by crank-

ing up all the heaters and using as much humidity as I can get,

and I manage to remove only some of the chemical compounds, Whlch is
a bad reactivation, that is acceptable? If I remove the carbon and
really do a good job on it, that is not acceptable?

BELLAMY: I think that, if you took a sample of carbon
after the reactivation and it passed your technical specifications, I
would say that was not a bad reactivation, that it would be a good
reactivation. But Bill Miller is right, you put me in a trap.

MILLER: I think what Ron Bellamy has said is that the
NRC wants to see technical data and documented evidence to support
requests of this type. They would rather not make decisions without
some assurance that thelr decision is going to be conservative. How
much conservatism 1s needed 1s always going to be open for debate.
We have to allow a little leeway in this regeneration area, because
we haven't got a lot of evidence.
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BELLAMY : After you take a sample of used carbon and it
does not pass the test, my preference would be to throw that carbon
out, irrespective of whether it 1s spinster carbon or not, and use
new, fresh virgin carbon.

JACOX: That is for ESF systems; how about non-ESF
systems? This 1s another trap question.

BELLAMY : Persconally, I hate to make distinctions between
ESF and non-ESF carbon. We had a recommendation, in jest, a couple
of' years ago, that non-LSF carbon be palinted blue and ESF carbon be
painted red. As a matter of fact, when T first wrote the ASME
CONAGT proposed code sectlon on sorbent media I put that statement
,iIn 1t and it stayed there for about three drafts until somebody
finally caught it and said, "What is this, a joke or something?"

and I said, "Yes", and finally took it out. Technically, I would
say that it is a lot easiler for the licensee not to have differences
in ESF versus non-ESF carbons. Unfortunately, I have to take a
little exceptlion and indicate that, as a regulator, I have a very
hard time Jjustifying how I could require the same quality of carbon
in ESF systems as in non-ESF systems. If the licensee believes they
can handle the logistics of keeping the carbons straight, and they
think that they can save enough money to make it worth their while,
I would have a hard time justifying before a licensing board that

I have a technical position that says that I require the same quality
of carbon in non-ESF as I do in ESF systems.

KOVACH, J.L.: My next question is, when is Regulatory Guide
1.52 going to be revised? I have been hearing about a revision for
a number of years.

BELLAMY : Let me say what I know about revision of Regula-
tory Guides. As long as there 1s, today, guldance available that is
adequate to assure that we are protecting the public health and safe-
ty, the revision of regulatory guldes, although a priority item, is
not one of the highest priority items among the NRC staff. When it
comes to what to work on, I would rather have peoplé working on
certifying that plants are safe than have them back in the office
revising regulatory guides. We have gotten a lot of comments on
Regulatory Guide 1.52. A staff member, as I recall, did go through
it and propose some revisions, but, again, budget constraints and
personnel constraints, although not putting it on a back burner, has
put it into a status where, I belive , we are not considering trying
to obtain a contractor to do it. I discussed this specific question
with Bill Gammill a couple of weeks ago, and I believe that he has
authorized me to say that you will not see a revision to this regul-
atory guide this year. It would be nice to see it out in late 1985,
but sometime in 1986 is probably a more realistic date.
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MILLER: We should also point out that Mr. Landis, earlier
this week, mentioned some of the problems you get intc when you are
revising your codes and standards at the same time that you are
writing new or revised regulations.  Based on the 70 pages of gomments
that the ASME Committee on Nuclear Air and Gas Treatment recelved
from Mr. Kovach, we are in the middle of a rather major revision,

both editorial and substantive, of N510. We would hope that we

could get that pretty near finished before the regulations are re-
issued, so that an improved version of N510 could be referenced.

KOVACH, J.L.: It was only 60 pages.

BELLAMY : I hope I have made it very clear in this forum,
and in other forums, that it makes our job as regulators much easler
to have a consensus standard that we can reference instead of having
to generate our own technical positions. So, I look to either.ASTM
or ASME for further written guidance on the definition of significant
painting areas.

HYDER: Concerning the paint question, I have heard
rumors that there may be paints that do less damage to carbon than
conventional paints. I wonder_if anyone knows of these or has any

experience with them?

MILLER: Latex paints, those with a water base are much
Beigte.
VOGAN: Just a comment regarding reactivation and im-

pregnation. . At last week's CONAGT meeting, the subcommittee on air
cleaning equipment initiated the preparation of a test program designed
to find ways to perform the reactivation and reimpregnation that

would qualify the carbon in conformance with Regulatory Guide 1.52.

We hope that .we will have enough evidence in a year or so to show

that reactivation is, or is not, an acceptable process. ' )

JACOX: On one of the points that you, Dr. Bellamy, list-~
ed in your paper and showed on a slide, but didn't address in your talk,
is the system size limit of 30,000 cfm. You mentiocned something to

the effect that you hadn't seen adequate data to prove that DOP gen-
erators or halide generators could adequately challenge larger sys-
tems. Since 1975, systems in the 60,000 to 90,000 cfm range have

been tested regularly. My specific question 1is, in what format should
the data be presented to satisfy you that, in fact, there are genera-
tors that can adequately test these much larger systems.

BELLAMY : There are abstracts of one or two papers at the
last Air Cleaning Conference that I had hoped would have answered
that question but, instead, they headed off into discussions of
electronic instrumentation that I am sure was a great benefit to
people, but was disappointing to me. To answer your question, I
would look for data from an actual installation that would tell me
exactly what the concentrations were at various locations upstream of
the bed and that these concentrations remained constant at all the
locations during the entire course of the in-place leak test in
compliance with the ANSI standard. I've heard at meetings such as
this that there is no problem, that the data are available and easy
to get, but I maintain that I still have not seen such data.
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MILLER: You mean that you look to conferences like this as
a way to present to peers data of this nature and that you would con-
sider 1ts acceptance by attendees to be a semi-peer review after which
you could, maybe, accept 1it?

" JACOX: Would listings of the operating plants and the
specific systems, with the flow rates that have been accepted, be
something you would consider as adequate in the presentation of data.

BELLAMY : I would consider that totally inadequate. I would
want to see the basic data that were used during the running of the
tests and have them tell me again exactly what the concentrations
were. I thought you implied that all I should need was a document
showing that an operating plant has a 70,000 cfm system and that
Company A tested it at 70,000 cfm on certalin dates for the last four
years. That doesn't do me any good. I would want to take a look at
all the data. My technical position is that the 30,000 cfm number is
as good as any other number, so why change it. I think one of the
hardest questions we would have to answer (from the Advisory Committee
on Reactor Safeguards and from all other commenters) before a new

Regulatory Guide was issued is, "What is the basis for changing to
another number?'" If the proposal is to change to 50,000 cfm, why
50,000 instead of 60,000? Or, why 80,000 instead of 50,000? We now
have a number that 1s adequate and acceptable and we are not present-
ly seeing newly designed systems for new operating power plants.
Maybe we should put this whole discussion on hold for a couple of
years.

MILLER: We wanted to have people on the panel who have
done testing in the plants and I think for the most part these are
the type of people we have here. I don't believe they realize that
there is an opportunity at a technical conference like this for them
to make some serious input to important questions and to listen to
some speakers relevant areas.

PAPAVRAMIDIS: How often are you doing in-place testing of used
carbon filters, and how often are you taking samples of the used
carbons ?

HUEBARD: . It is outlined in the technical specifications

. for the plant: carbon samples every 720 hours and in-place testing
every 720 hours. We don't increase the test frequency above what our
technical specifications call for. We have seven units, its different
from plant to plant.

MILLER: I want to remind the audience that Duke Power Co.
is in the unusual position of having older vintage plants that have
pre-N509 filter systems with all the associated testing difficulties,
as well as some that have been designed to N509 criteria.

CHOI, S.: You mentioned that insurance companies no longer
require fire .protection systems on charcoal. Is that positlion also
accepted by NRC?
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HUBBARD: I didn't mean Lo say they no longer require
them; they are still inplace in our plants. I was suggesting that
the industry come up with a conclusive statement that such systems
are not necessary for fire protection. The name charcoal must have
reminded the insurance industry of a backyard grill. Nuclear carbon
does not burn at the same temperature as fireplace charcoal that
contains organics that permit it to burn at much lower temperature.
I am suggesting that the danger of fire protection systems capable
of filling our deep beds with water, and producing the obvious con-
sequences;outweigh any benefits there might be from having such
systems in place. I don't know whether the insurance companies
will accept this view, but I think it is a fair statement.

CHOT, S.: We hear a lot about the problems associated with
fire protection systems, and we are wondereing if they are really
necessary, recognlzing the remote possibility of system usage. I

am curious about your statement.

HUBBARD: It has been suggested by certain people that the
introduction of cool air would be much more beneficial in retarding
fire than water. We support that view.

ORNBERG : 1"d 1like to recommend that your appendlx, that is

attached to the papet, be considered for addition to N510 or’some
other appropriate standard, as a non-mandatory appendix. It
certainly is geared toward your own.plant, but it would be helpful

to other utilities in setting up a similar program. My question con-
cerns the course you are giving at Duke, is 1t open to other
utilitles and engineers?

HUBBARD: Let me take this opportunity to make some addi-
tional comments about the course at Duke. It is not in competition
with the course offered at Harvard, that, I might mention, is an
excellent one. The main reason for establishing the course is to
address field testing at nuclear utilities. It is open to outside
people and always has been. It is a policy of our management to open
it even more for the benefits of sharing information among utilities
and improving the level of testing and assoclated work that we do.

VOGAN: I have a question regarding third party inspec-
tion, or testing of carbon. How long have you been doing independent
testing of carbon batches?

HUBBARD: We started the beginning of this year.

VOGAN: Have you a lot of data at this point? Have you
noted any significant differences between the manufacturer's report
of test data and the third party test data?

HUBBARD: We have noted some differences, but it is hard
to know what caused the differences because we are at the early
stages of collecting the information. The results are not yet con-
clusive by any means. When you examine the cost of replacing carbon
before it is time to do so, taking into account the labor cost and
downtime, the cost of verifying the tests on your own carbon is
worthwhile,
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VOGAN: Do 'you expect to continue the practice for the
next couple of years to obtain more data for the industry?

HUBBARD: Yes, we do.
JENKINS: What prompted you to start doing independent

testing of the carbon? Didn't you believe the results you were
getting from your supplier?

HUBBARD: There were multiple reasons. The first one cited
is that if carbon, for some reason, did not meet specifications, the
cost to replace it can be astronomical. We have some systems where
we have to bring the unit down when we have to replace carbon and
that has a tremendous impact on us. That is part of it. But is your
questicn, "Did we suspect bad carbon?"

JENKINS: _ Were you 1n a situation where you put new carbon
in, ?hen did in-place testing,and found it didn't pass? I am trying
to find out why you started doing that.

HUBBARD: We have had cases where carbon life has been very
short. Not having initial data of the new carbon (singe it is

not usually transmitted to us by the vendor) and being independent,
at that, we felt 1t would be beneficial to have baseline d~*- . ?Plus,
we are interested in examining the trend in carbon 1life- 30 that we
can understand 1t better. There have been cases where people have
inadvertently shipped carbon that did not meet specifications. I
won't go into any reasons why that might have happened, I will
assume 1t was accldental.

MILLER: I can't resist the temptation to assign an action
item here and say, we look forward to vour report on trends in carbon

life at the 19th Air Cleaning Conference.

BELLAMY : On that subject, T would 1like to make two comments.
The first i1s that we are still getting a big push that every HEPA
filter should go to a DOE quallty assurance station. If you can
justify that for a HEPA filter, you can very easily justify a third
party test on carbon. Secondly, I think that Licensee X should be
applauded for its efforts because the additional cost for having a
third party radioiodine test (unless I am a couple of years behind,
and I welcome being corrected) is somewhere in the high hundreds to
one thousand dollars. (I have just been informed that it is from low
hundreds to the high hundreds for a test, so the cost isn't signifi-
cant.)
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JACOX: Based on some of the discussion that has taken
place in the last few days, there are three items I would like to add
to my prepared comments. First, when Mr. Landis gave his talk, he
prefaced it by saying that nuclear safety standards should include
something other than minimum legalistic safety requirements. They
should be cognizant of functionality, efficiency, practicality, and
some of the requirements of the real world. I applaud this greatly.
It is something that I have been trying to push with CONAGCT and

is a matter that I will be addressing in some detail in a paper I
will be presenting this afternoon. Second, I think the paper pre-
sented by Mr. Hayes that was prepared by a number of NRC people, on
control room habitability, should be greatly applauded by us all.
Not simply for the technical expertise, vhich I believe is going in
the right direction, but perhaps more importantly, at least in my
experience with air cleaning, is aimed toward an awareness of real
problems, not just looking at very narrow, strictly legalilstic
approaches. I am extremely encouraged by that, and I feel that we
all should be. A third comment is that I have been involved as
chairman of the CONAGT sub-committee for field testing, with Dr.
First as the subgroup chairman, trying for many years to get a per-
sonnel qualification standard approved for those who do N510 testing,
but the utilities, including Duke Power Co. have opposed it. If
ever  »~dv was 1in the same position as Duke, as far as expertise and
trainiiiy, co-slstancy in taking care of personnel turnover, etc.,we
all have agreed internally that we would not need a personnel qual-
ification standard. I think their activities in this area are an
example to be applauded and one that other utilities should follow.

MILLER: Wouldn't INPO be a logical group to come up with
the standards you recommended since they have most of the utilities
chartering them and paying the tab?

JACOX: I certainly think so. They were giving a health
physics training program,but I don't know i1f they still do. When

I inquired whether or not i1t would be possible to attend, I got an
equivocal response; yes, it was possible I could attend, but, it

was really intended for utility people. I wrote to something like
thirty utilities with whom we had open contracts and universally
they responded, when we got any response, that they would not accept
the INPO course in place of thelr own internal training procedures.
So, obviously, there is a waste.

MILLEB: You are only interested in doing away with the
generic type of training, not the plants specific training?

JACOX: Absolutely, no question. You do need a couple
of hours of plant specific orientaticn, but not, what is gamma
versus beta, i.e., the usual generic thing that you have to sit
thraough.
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MILLER: One of the problems our utllity representatives
have making committee meetings and attending sessions like this,

is that they are usually on the critical path for a shutdown or
startup and T really appreciate the fact that two were able to be

here today. Is there an advantage to doing adsorber tray refilling
on sifte or is it hetter to gend them back to the manufacturer to have
it done?

LIGHTFOQT: We don't have any experience filling trays on

site, our trays have been refilled at the factory. I do not see a
large-scale on-site change out as a practical solution unless the

time available made that the only practical alternative.

EDWARDS: On the impracticality of doing multipolnt samp-

ling for carbon,for large carbon banks, not only is it impractical,

it 1s impossible given the time constralints of carbon breakthrough.

I believe you will peak-out on any detector before you can do multi-
point sampling. Jack Jacox, with regard to Bill Miller's question,

whether anybody agreed with your comments; I think everybody here

agreed with all your comments. Particularly, two points. One, about
sitting through classes that everybody has to attend when they go
into a plant. Second, the fact that after the very fine specifica-

tions that someone like Sargent & Lundy writes for a technical
support center, and the very fine purchasing that is done by the
architect-engineer, or the purchasing division, the piece of equip-
ment that is finally delivered and accepted bears no resemblance to
the specifications,and is therefore not testable. These occurrences
are far more common than even this audience may realize. Now, I
have one comment and one question-for Dr. Bellamy. As a general rule,
a carbon supplier will have carbon on hand that has been tested to
the latest test standards of Table 5.1 in N509-1980. But, most

plant technical specifications call for carbon to meet Regulatory
Guide 1.52,and if the technical specifications have been updated to
the '78 version,that is a very late revision. When someone refers

to Regulatory Guide 1.52-1978, which in turn refers to ANSI N509'1976»
Table 5.1, the table in the 1976 document refers to an RDT test
method, of no date, this 1s 1mportant because RDT test standards are
superseded and, according to Webster's, when something 1s superseded
it is no longer valid. Because the latest RDT is 1977, we are 1in a
position where a 1976 document is referring to a 1977 document, which
has exactly the same test conditions as ASTM D3803, which is exactly
what 1s referenced by N509-1980. So, you have a 1978 document that,
through this trail of reasoning, gets ahead to the 1980 version of
N509, Table 5.1. Do you agree with this, Dr. Bellamy?
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BELLAMY : If the RDT is automatically superseded by a new
issue, it is clear to me that the newést issue out is what would be
the applicable reference through the tortuous path that you have

Just traced; therefore, the answer 1s, yes. Let me offer a further
thought that maybe can satisfy your concern. The problem that arises
is that a carbon supplier has carbon on his site that has been fully
tested 1n accordance with the latest issued guidance, although the
latest guidance is not what 1s referenced in the technical specifi-
cation. The immediate question is, what does the carbon supplier, and
what does the licensee, do to satisfy the technical specifications.

It is my position that the latest ANSI N509 Table and the ASTM
standard which superceded that table, are the best available gulid-
ance around today. If you have carbon on site, whatever site that
is, and it satisfies the criterla, that carbon is acceptable to be
installed in your ESF filter systems. I will go one step further

and say very clearly, specifically in Region I, which is the region
that 1 have jurisdictiocn over, there will be no potential enforcement
actlon or discussion with the NRC if an inspector comes back and says,
the technical specifications that were applied were the 1976 version,
not the 1980 version.

HAYE§: We don't have a problem with that interpretation.
I think the problem that Ron Bellamy refers to is a regional one,
that is, the way regional inspectors interpret the technical specifi-
cations when making inspections. Region I is fortunate in having
someone like Dr. Bellamy who is quite familiar with the problem.

ORNBERG : I think an easy way to solve this and get all
the regions together is for the NRC to put out an information notice
advising people of the facts of the case. We are expending a lot of
effort going through arguments on technical specifications. The
three weeks that Jim spent tracing all this through, everyone 1is
doing over and over again. T am getting calls practically every
month from people who ask this type of question. Can't we find an

easy way to distribute the information so that everybody 1s together
on it?

HAYES: One of the things we face as regulators is we
really do want to help the licensee and we say, go to the new stand-
ards. But the licensee somehow thinks that the new standard is more
restrictive and says, no, I don't want that; I still want the RDT

161T standard, 1973 version. That 1s a problem we sometimes run
into.
MILLER: They want the best of both worlds. There are

very few times thatyin a standard as complicated as N509, there
won't be somethings that are more restrictive. At the same time,
in other areas, it is more informative.

EDWARDS: In this case, however, N590-1980 is less restric-
tive than the 1976 version. I have another question for Dr. Bellamy.
sSuppose a utility sends a carbon sample to a laboratory for testing
and the results come back a fallure. Lets say that the cutoff point
is 95% and the results come back 94.5%. They know this carbon
shouldn't have aged that much, so they send another sample off to

the same laboratory, or even to a differnt laboratory that tests
according to the ASTM standard. and it comes back 95.5%, a passing
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grade. Which result is acceptable? Is the passing result acceptable
because here is a test result that passes, or is the result that
failed the one you must abide by because you have positive proof

the carbon falled?

BELLAMY: That problem has arisen, it is not a make believe
problem, and I guess I have gotten at least a double figure number of
calls with that specific question. The licensee's responsibility is
to operate the plant so as to adequately protect the public health
and safety and it is our job to verify that he does that job. If

the licensee came to me with those two sets of test results, T would
strongly recommend that he run a third test at an independent laboratory
so at least he has a majority vote on which direction to go. I

would say that the licensee would do well to justify in an internal
memo, I don't think a submittal to anybody would be necessary, why

he doesn't like the 94.5% result and why he believes he can operate
his plant in accordance with the technical specifications even though
he has that one pilece of iriformation that says it may be time to
change out the carbon. Again, I will make the recommendation that
you use the consulting services of the onsight resident inspector.

I strongly recommend that he be informed about what 1s going on up-
front and that you make sure he clears 1t with the regional manager
before you go off and decide to ignore a piece of applicable data,
which is what you would be doing. I think that the numbers that you
used make a very easy case. If 1t is 94.5%, and 95% is the cut off,
that is an easiler question to answer than 1f you said one came back
60% and the next one came back 96%. Then, it would represent a
greater quandary.

JACOX: I just have a comment for Mr. Edwards; the
latest RDT i1s October 1981.

BAUM: I have a question for the utility members of the
panel. I am interested in how to make specific the point about sig-

nificant contaminants in charcoal? Do you have procedural guidelines
that define in specific terms not only paint, which was covered, but
also smoke, solvents, chemicals, etc.?

HUB?ARD: Obviously, 1t hasn't all been defined. Are you
asking about our approach to evaluating welding and painting?

BAUM: Exactly. Since it isn't well defined in the
technical specifications, I would expect there would be some addi-
tional definition in procedures used by a given utlility that would
address specific cases such as welding, painting, or an accidental
spill.

HUBBARD: If at all possible, we avold bringing anything
like that into our systems. If it is possible to shut a system off
to do any work of that kind, and let it dissipate for a period of '
time, we will do so. If there is any question at all, we send a
sample for analysis. The procedures are not well defined and we
haven't developed guidelines. Therefore, if there is any doubt, we
sample to erase any doubt.
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MILLER: Bi#11 Lightfoot, didn't you acknowledge in your
paper, that different plant operators approach the matter differently?

LIGHTEFOOT: I would 1like to say, as Dean Hubbard did, that
the solution to the problem is to avoid it. At our plant, during
outagesswe wrap our filters in polyethylene. Most of the systems in
our plant are standby systems, and our technical specifications
define the operational exposure of the systems to these fumes. What
we try to do is to avoid the problem, rather than having to take
corrective measures.

BELLAIMY : First, to my knowledge, there has not been any
enforcement actlon taken against any licensee with respect to the
definition of significant. Second, if by the use of the term
significant, we have informed the nuclear industry, in both this
country and abroad, about our concerns, and they have then taken the
appropriate steps, I think all of this discussion, and maybe some of
the potential ambiguities in the use of the term, significant, is
something that we should live with.

AINSWORTH: Are you suggesting that spinster carbon from one
plant may be reimpregnated and supplied to a second plant? And if
so, can the second plant use several sources of spinster carbon?

BELLAMY : The point 1 was trying to make was that, if you
have spinster carbon at one station and you reimpregnate it with TEDA
or KI, you can then test it, and if it satisfies all the applicable
regulations, I am not sure that the NRC would have a legal basis to
tell you that you could not install that carbon in another filter
system or at another station. If your question 1s, what 1f you want
to get four or five different amounts of spinster carbon from four
or five different stations, I would have to say that each case would
have to be evaluated independently. I would also suggest that each
separate carbon (I won't use the term lot or batch) that you put
into the new station, would have to be individually in-place tested,
or a sample of carbon taken out for radlolodine testing, in the
future,; to verify that weathering has not occurred during the use of
fhat particular carbon. I think the answer to your question is, yes.

ATNSWORTH: What would be the objection to reimpregnating a
carbon that already has KI on it with KI?

BELLAMY ; I can't, technically, tell you what my judgements
are. The specific question you proposed was, if the carbon only has
had KI on 1t, what about putting TEDA on i1t? You heard my response
to that. I did not try to imply that there would be a different de-
clsion if the carbon has KI on it, and if someone wanted to put KI

on 1t. I think that if you had a KI plus TEDA impregnated carbon,
you would be hard pressed to convince me that by adding addltlonal
impregnants you could bring it back up to specification. I'd say
there 1s probably something else wrong with the carbon.
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HAYES: As part of the control room habitablility review
that we are doing, we are surveying the as-built control room systems
for three plants. One of the things we wanted to determine was
whether the utilities tested the various filtration systems 1n the
control room in some sort of an independent manner for the purpose

of determing the functionality of the control room system, versus
testing 1t for either a preoperational test or for the purpose of
meeting surveilllance requlirements. We have only done two of the
plants, and that is not a representative sample, but it would appear
that probably the only reason for testing is to meet eilither pre-oper-
ational test requirements or surveillance tests. I would like to
emphasize Jack Jacox's point, 1t 1s your plant, and you should be

- doing things to benefit your operations.

WILHELM: I would like to make one remark on testing. We
have made, up to now, roughly 3,000 tests of carbon samples and at
least 500 in-place tests on real filter systems inside a reactor

using methyl iodide-131 as a test medium. I point this out so you

can see there is a backgroynd to what I am going to say. Our ex-
perience 1s, if you get your filter poisoned by solvents, for

instance from paint, you will do better to take the sample eight hours
later because the high veolatile fraction will be gone and your carbon

wlll give satisfactory test figures again. Otherwise, you will
throw carbon away that is still good. Let me give you an example.
After making repairs, including painting, in a PWR, they looked at
their filter and it seemed not to be good. They tested the carbon
and it was down to 60%. Three days later, it was up to 99.5% again.
That i1s one point. The second point 1s that, in Germany, the price
for a test 1s roughly the price for a lot of carbon. I think we
could have new carbon to refill our refillable, they are refillable,
filters at least five times for the price of the tests, so that
really doesn't make sense. I have one question, my standard
question, why don't you use deeper filters? You would get rid of
80-99% of your problems.

MILLER: I think we are very well aware .that the European
approach 1is to use deep bed filters. I have to apologize to Dr.
Wilhelm because, this being our maiden flight for this type of panel,
we have concentrated on US utilities. What T would like to see at
the next Air Cleaning Conference would be a world-wide testing expe-
rience panel where we can hear more of the experience of the European
utilities and the way they solve thelr problems. I think it doesn't
pay us to be parochial 1n this area.

I want to be sure that everybody understands,
first of all, that there is a process that is available for people
who have questlons on the interpretation of standards and codes that
are written under the ANSI consensus standards and codes process.

For both ANSI N5C9 and N510, your specific questions should be direct-
ed to ASME in New York and they will be answered. That is the good
news. The bad news is the time it takes. Because of the litiglous
climate we find ourselves in, there is a very specific consensus
procedure that we have to go through in order to arrive at an answer
and have it approved. I would say that, on average, it will take at
least six to nine months for you to get an approved answer concerning.
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an interpretation of a standard. That doesn't mean there aren't
people in this roomsymembers of CONACT, who could give you an opinion,
but I think you have to be aware that when you make a decision based
on an opinion,you can not go back to that opinion locking for
compensation for a mistake that was made. The reason I make that
comment 1s, not only to inform you that the process can be dong,

but to expand upon Jack Hayes' remark. I get the feeling within
the nuclear power industry that Air Cleaning Conferences are not held
often enough to permit us to discuss the types of problems that we
have heard about today. For example, the poor fellow who is fighting
the eight dogs on the door, that Jack Jacbx referred to, isn't
interested in waiting for six months for the five extra hands.
Therefore, I will take seriously Jack Hayes' recommendation to explore
with the Main Committee of CONACT an appropriate vehicle for foster-
ing this type of activity. I would appreciate written comments on
any of the standards that CONACT has published, or any of your ideas
on holding a workshop to foster improvement in the testing area. I
also want to mention that we haven't considered revising the ANSI
N509 document up tc now. We are developing codes for all the
equipment covered in N509. Our hope was to get all of those codes
issued, and not have to revise N509,. However, the five year period
at which time the N509 standard must be reviewed, 1s coming due next
year and we will have to develop a position on revision. If there
are people who want us to revise N509 quickly ( and it can't be any

quicker than a year or a year and a half) we would appreciate hear-
ing from you on that point also. '

I became aware today that there is an NUS network.
I am familiar with the INPO network, where people can communicate with
other utilities with similar problems and get answers to their
questions, but two of our speakers mentioned to me that they have
used the NUS network. They are not sure who operates the network
but 1t is important for us to understand what network we are putting
our questions on so we can help each other. NUS is g private network
and there is probably a subscription fee for its use. INPO specifi-
cally set up their network to create more communication but we haven't
seen many questions on filter testing or air cleaning. Is there any
reason why it 1s not convenient to use the INPO network? Let's all
agree that we will go back to our organizations and find out if
there 1s a problem with the INPO network. If so, let me know.
Otherwise, let's put some questions on air cleaning on the network so
we can help you answer questions.
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Session 14

RECOVERY AND RETENTION OF AIRBORNE WASTES: NOBLE GASES

WEDNESDAY: August 15, 1984
CHAIRMEN: R.R. Bellamy
U.S. Nuclear Regulatory
Commlission
V. Deltz
Naval Research Laboratory

ALTERNATIVE MODES FOR CRYOGENIC KRYPTON REMOVAL
L.P. Geens, W.R.A. Goossens, G.E.R. Collard

BEHAVIOUR OF IMPURITIES IN A CRYOGENIC KRYPTON. REMOVAL SYSTEM
R. von Ammon, W. Bumiller, E. Hutter, G. Knittel, C. Mas, G. Neffe

SELECTIVE ABSORPTION OF NOBLE GASES IN FREON-12 AT LOW TEMPERATURES
AND ATMOSPHERIC PRESSURE
E. Henrich, R. Hufner, F. Weirich, W. Bumiller, A. Wolff

CHROMATOGRAPHIC SEPARATION OF KRYPTON FROM DISSOLVER OFF-GAS AT LOW

TEMPERATURES
H. Ringel, M. MeBler

OPENING REMARKS OF SESSION CHAIRMAN BELLAMY :

Welcome to Session 14, entitled "Recovery and Retention of
Airborne Wastes: Noble Gases'. As an introduction, I'd like to
comment that all of the papers in this session are contributed by
foreign authors, from Belgium and West Germany, and all papers
are continuations of work reported at previous Air Cleaning Conferences.
Past Conferences have also had U.S. laboratories’ participation, as
well, but the lack of their participation this time is noteworthy.
Perhaps this reflects a lack of support in 'this country for fuel
reprocessing activities, a large source of noble gases. Some of the
results of the studies that will be described may also be applicable
to offgas streams at electric generating stations.
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ALTERNATIVE MODES FOR CRYOGENIC KRYPTON REMOVAL

L.P. Geens, W.R.A. Goossens, G.E.R. Collard
S.C.K./C.E.N., Mol, Belgium

Abstract

In the past, oxygen elimination was considered as a necessary pretreatment
before cryogenic krypton removal from reprocessing off-gases. In this view, the
catalytical reduction of oxygen with hydrogen was investigated in the DEOX0 unit,
in which a Pd and a Ru catalyst are used. At a gas flow rate of 30 Nm3.h-! and an
oxygen feed concentration up to 15 % volume, the oxygen content in the feed gas of
the cryogenic unit could be reduced to 0.5 ppm volume. For the following experi-
ments, the DEOXO unit was connected in series with an adsorption drier and the
cryogenic distillation unit. No technical problems arose during the 80 hours'run.
Furthermore no significant build-up of an oxygen rich layer in the cryogenic recti-
fication column was observed.

At present increased attention has been devoted to krypton removal in presence
of air. In that perspective the study of the selective catalytical reduction of
NOx with ammonia in the DENITRO unit becomes part of the flowsheet. With the use
of a H-mordenite catalyst and an ammonia excess of 30 %, the NOy concentration in

a 25 Nm3.h-1 gas stream could be reduced from more than 1 % volume to lower than 1
ppm volume.

The oxygen behaviour in the cryogenic distillation unit was also investigated.
Temperature profiles in the rectification column were recorded for different oxygen
feed concentrations. At the same time, oxygen analyses were performed to gain infor-
mation on the oxygen distribution in the column. Although an oxygen rich layer was
built up in the column, the krypton-xenon bottom product contained less than 0.1 ppm
volume oxygen, so that no oxygen was transferred to the second column. This favour-
able oxygen behaviour, combined with the feasibility of the selective catalytical
NO, reduction is promising for the cryogenic krypton retention in the presence of
oxygen.

I. Introduction

Cryogenic distillation is one of the most advanced processes for the removal
of krypton from reprocessing off-gases [1, 2, 3, 4, 5, 6. The choice of a cryogenic
process implies the preceding elimination of condensable compounds from the feed
gas, the most important of which are jodine, nitrogen oxides, water vapour and car-
bon dioxide. For iodine removal several methods have been developed. Water vapour
and carbon dioxide can easily be eliminated by adsorption on silicagel or molecular
sieves.

In the past, besides the removal of the above-mentioned compounds, the elimi-
nation of oxygen was also considered as a necessary pretreatment step. In fact, it
was thought that the presence of oxygen in the cryodistillation unit could give
rise to ozone formation and accumulation representing an explosion risk. An obvious
method for oxygen elimination is the catalytical reduction with hydrogen because
nitrogen oxides can be reduced at the same time. The first part of this paper deals
with this item. The cryogenic distillation itself in absence of oxygen, which is
the nfgt ;Tep in an integrated gas cleaning system, has already been reported ear-
lier 5 o
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Since a few years, cryogenic krypton removal without preceding oxygen elimi-
nation is gaining ground [8, 9]. Indeed, the use of large amounts of hydrogen does
not only create a serious hazard problem, but it also increases the cost price of
the entire process [9, 10]. Recent research work revealed that the accumulation of
ozone in the cryogenic distillation unit can be reduced and even prevented by
applying the proper operation mode [11]. The omittance of the oxygen reduction step
necessitates a selective nitrogen oxides elimination step. While others study a
scrub process with hyperazeotropic nitric acid at Tow temperatures, the S.C.K./-
C.E.N. has chosen the catalytical reduction of NO, with ammonia for this purpose
[12, 13, 14]. The first experience with this process is treated in the second part
of this paper.

In the third part, the results of the experiments with oxygen in the feed gas
of the cryogenic distillation unit are discussed.

II. Catalytical oxygen reduction with hydrogen

Description of the DEOXO unit

The catalytical reduction of oxygen with hydrogen was investigated in the
DEOXO unit, a flow sheet of which is given in Figure 1. This unit was designed to
reduce the oxygen content in a 50 Nm3.h-! ajr stream down to 1 ppm volume. The main
part of this installation is the packed bed reactor, which contains three layers of
alumina supported catalysts. The upper layer is a silver layer, which acts as an
additional jodine trap. The second, a palladium catalyst, is the most effective for
the reduction of oxygen. The lower layer, which contains a ruthenium catalyst, is
more effective for NOy reduction. The exit gas stream is then cooled in a shell
and tube heat exchanger. Most of the cooled gas is recycled with the help of a roots
type compressor in order to dilute the inlet gas stream in such a way that the
hydrogen explosion 1imit after the hydrogen supply is not exceeded. Another impor-
tant part of the unit is this hydrogen supply, which is controlled by an hydrogen
excess measurement after the reactor. Table 1 summarizes the main design character-
istics of this DEOXO unit.

Table 1 : Main characteristics of the DEOX0 unit

Maximum gas flow rate : 50 Nm3.n"!
Operation pressure : 0.51 MPa
Catalysts :  Pd, Ru (Aq)
Oxygen inlet concentration : 2-20 % volume
Oxygen outlet concentration - 1 ppm volume
Inlet temperature : 283-308 K
Qutlet temperature : 303K

Maximum reactor temperature . 723 K

Experimental results in the DEOXO unit

The experimental conditions of the DEOXO unit had in practice to be limited
due to the constraints of the hydrogen supply. The suitable electrolyser, initially
foreseen as hydrogen source, could not be used for technical reasons. The hydrogen
delivery capacity of the replacing bottle racks was limited due to safety reasons,
in such a way that the maximum applicable gas flow rate and oxygen inlet concentra-
tion were 30 Nm3.h-! and 15 % volume respectively. During the start-up period, which
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lasted for about 8 hours, the oxygen inlet concentration was increased gradually to
the desired level. At equilibrium, which was reached after two hours more, the
oxygen outlet concentration was 0.5 ppm volume, which certainly meets the design
value of 1.0 ppm volume. The hydrogen excess in the treated gas at equilibrium
amounted to about 2000 ppm volume, a good deal higher than the design value of 500
ppm, but this caused no operation difficulties. Some results of these experiments
are summarized in Table 2.

Table 2 : Experimental results in the DEOXO unit

Experiment number 1 2 3

Gas flow rate 20 25 30 Nm3.h-1
Reactor temperature 673 673 673 K

Oxygen concentration IN 10.0 9.0 15.0 % volume
Oxygen concentration OUT - 0.5 0.5 ppm volume
Hydrogen concentration OUT 0.22 0.18 0.20 % volume

In a subsequent experiment the DEOXO was connected to an adsorption drier, in
which water vapour and carbon dioxide are trapped on molecular sieves. In a membrane

type compressor, the dried gases were compressed up to 7 bar and fed to the cryoge-
nic distillation unit. These three units in series were run for 4 days, without any
technical problems. No build-up of an oxygen rich layer in the cryogenic rectifica-
tion column was observed during this relative short run.

These experiments have demonstrated that the catalytical oxygen reduction is
a suitable pretreatment step before cryogenic krypton removal. However, before

testing it under radioactive conditions, some additional features will remain to be
investigated such as : the reduction of nitrogen oxides and the behaviour of methane
in the installation, which can be very important for the cryogenic distillation.

ITI. Selective catalytical NOy reduction with ammonia

Process chemistry

The selective catalytical reduction of NOy with ammonia was already studied
in earlier times at the S.C.K./C.E.N., on laboratory scale (12). From a screening
test of various types of catalysts, the synthetic hydrogen mordenite appeared to be
the most active one. The over-all reaction equations which resulted from these
experiments, are the following ones :

2NO,+4 NH,+0, > 3N,+6H (1)
4NO +4NH, +0, > 4N, +6HD (2)
2NH, + O, > N, +3HD (3)

Description of the DENITRO unit

Based on the laboratory results, a pilot installation with a gas through put

of 25 Nm3.h-! was designed. The flow sheet of this DENITRO unit is shown in Figure
2. The incoming process gas is first compressed from a pressure slightly above
atmospheric pressure up to 0.5 MPa, in a membrane type compressor. In a compact,
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helicoidal type heat exchanger, the inlet gases are heated by the treated gas
stream. After the heat exchanger, an iodine trap is provided to remove any traces
of iodine, which might decrease the catalysts lifetime. The jodine trap consists of
a fixed bed of silver exchanged zeolites. Before passing to the reactor, the pro-
cess gas is further heated in an 8500 W electrical preheater. The required amount
of ammonia is fed to the main gas stream in top of the reactor. The ammonia is
supplied from a bottle rack, which is heated by means of a water bath. The ammonia
supply is controlled by the NOy inlet concentrations. The reactor temperature is
kept between 673 and 723 K by electrical heating. As already mentioned, the catalyst
used is a synthetic hydrogen mordenite, zeolon 900 H (Norton Chemical Process
Products). Catalyst dust particles in the treated gas stream are retained in a 10
pum filter, mounted right after the reactor vessel. Finally the treated gas is
cooled, first in the above-mentioned heat exchanger, followed by a water cooled
condensor. In Table 3 the main operating characteristics of the DENITRO unit are
summar i zed.

Table 3 : Operational characteristics of the DENITRO unit

Gas flow rate : 25 Nm3.h™!

Operating pressure : 0.42 MPa

Catalyst : H-mordenite, Zeolon 990 H
Reactor volume : 20 dm?®

Reactor temperature : 673 - 723 K

NO, inlet concentration : 1 % volume

NOy outlet concentration : 1 ppm volume

Experimental results in the DENITRO unit

A first series of experiments in the DENITRO unit was performed with NO 1in
the feed stream up to 1 % volume. Both NO, inlet and outlet concentrations were
measured with a chemiluminescence analyser, the former after dilution, the latter
without. Frequently plugging of the tubings in this analyser caused severe opera-
tional problems, since the ammonia feed is controlled by the NOy inlet concentra-
tion measurement. As a consequence, the analytical instrumentation had to be com-
pletely renewed. At the moment NO and NO, inlet concentrations are measured sepa-
rately by means of I.R. spectrophotometry, without dilution. Also both outlet con-
centrations are measured separately. For this purpose, two analysers based on a
voltametric sensor were purchased, which appear to have a much better operational
reliability.

The latest experiments in the DENITRO unit are carried out with an NO2 con-
taining feed gas. With the new analytical equipment, somewhat higher NO, Outlet
concentrations are measured. While the NO, outlet concentration still remains Tower
than 1 ppm volume, the NO content varies between 1 and 3 ppm volume. However by
proper adjustment of the ammonia excess, the level of 1 ppm can be sustained. Table
4 gives some results of this second series of experiments.
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Table 4 : Experimental results in the DENITRO unit

Experiment number 1 2 3

Gas flow rate 15 20 25 Nm3.n-1
Reactor temperature 673-700 700-730 673 K

NO, concentration IN 0.60 0.35 0.95 % volume
NO, concentration OUT < 1.0 <1.0 <1.0 ppm volume
NO concentration OUT 1.0-3.0 2.0-3.0 1.0 ppm volume
NH; excess IN 30 40 20 % (stoech.)

Although the actual experiments demonstrate the feasibility of the catalytic
reduction for selective NOy removal, Tong term experiments are needed to study
ageing and poisoning behaviour of the catalyst used. Furthermore the use of new
zeolitic catalysts with higher activities and lower operating temperatures will be
envisaged.

IV. Cryogenic krypton removal in presence of oxygen

Scope

As already was pointed out, the cryogenic distillation in presence of oxygen,
as a process for krypton retention, has become more favoured during the last years.
In this scope, with the financial support of the E.E.C., the S.C.K./C.E.N. has a
research programme running dealing with this item. The aim of the programme is to
study the cryodistillation of krypton in presence of oxygen under radioactive con-
ditions.

Since all experimental experience in the past was obtained with nitrogen as
carrier gas, the next step was to observe the behaviour of oxygen in the unit under
non-radioactive conditions. More particularly temperature profiles had to be re-
corded in order to establish the necessity for changes in control or alarm set
points. Oxygen concentrations in the bottom product were also measured.

Description of the cryogenic distillation unit

Figure 3 shows a flow sheet of the cryogenic distillation unit, as it was
developed in Mol. The unit essentially consists of three main parts. In one of two
parallel heat exchangers, the feed gas is cooled. Krypton and xenon are separated
from the feed gas in a first continuously operating rectification column. Both
noble gases are then separated from each other in a batch distillation column. A
more elaborate description of the unit and its operation mode has already been
given in previous reports [6, 7]. Table 5 summarizes the main characteristics of
the principal rectification column.
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Table 5 : Main characteristics of the rectification column

Gas flow rate : 25 Nm3.h-1
Operating pressure : 0.70 MPa
InTet temperature : 124 K

Reflux ratio : 0.3 - 1.0

Packing : 3 x3 x 0.4 spring type Raschig rings
Upper section h=0.8md=0.10m

Lower section h=0.72m, d=0.07m

Experiments with oxygen in the cryodistillation unit

Experiments were carried out with three different oxygen concentrations 1in
the feed gas : 6 %, 12 % and 21 % volume, the latter being air. The recording of
the temperature profile was in fact limited to the lower packing where we have six
thermoresistances with 7.5 cm space between each pair. The thermal balance of the
column is controlled in such a manner that the krypton layer always reaches measur-
ing point TR 18 (Figures 4, 5, 6).

Figure 4 gives the equilibrium temperature profile for the experiment with
6 % of oxygen in the feed gas. From TR 20 to TR 18 153 K was measured, which corre-
sponds to a pure krypton layer. In the bottom temperatures greater than or equal to
153 K were measured, depending on the xenon content of the boiling liquid. The 116
K measured at TR 17 corresponds to a very oxygen rich layer. In TR 16 and TR 15 the
temperature is decreasing with the oxygen content. In the upper packing where only
one temperature measuring point is provided, 103 K was recorded. The equilibrium
profile was established in 1.5 to 2 hours.

Figure 5 shows the temperature profile for the 12 % experiment. Obviously the
profile is identical below TR 18. However, on the three points above TR 18, the
same temperature of 116 K was measured. When Towering the krypton layer it was
observed that the oxygen rich layer of 116 K extended over all six measuring
points, so that in normal operation it will extend from TR 17 almost up to the
inlet section of the column. In the upper packing 105 K was recorded. The profile
was established in about 60 minutes.

The temperature profile of the experiment with air as feed gas is shown in
Figure 6. In the Tower packing the profile corresponds with that in Figure 5. When
lowering the krypton layer, an oxygen concentration of 85 % was measured in the
116 K oxygen rich layer. A temperature of 106 K was measured in the upper packing.
The time to establish this equilibrium profile was about 30 minutes.

Even more than the temperature measurements, the oxygen analyses were limited
to very few points. In Table 6 the oxygen concentrations measured at the different
sampling points are summarized. The compositions given are gas phase compositions.
In the bottom product the oxygen concentrations were lower than 0.1 ppm volume, the
detection 1imit of the oxygen monitor used. The table also gives the duration of the
three experiments.
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Table 6 : Oxygen concentrations in the rectification column

Experiment number 1 2 3

Feed 6.0 12.0 20.9 % volume
Out 6.2 12.1 20.9 % volume
AP 2 7.0 13.0 22.8 % volume
AP 4 7.9 15.6 25.7 % volume
AP 7 < 0.1 < 0.1 < 0.1 ppm volume
Bottom < 0.1 < 0.1 < 0.1  ppm volume
Duration 312 528 720 hours

According to the temperature profiles recorded, even with air, no changes in
any set point of the different control and alarm systems had to be made. Further-
more, the very low oxygen concentration of 0.1 ppm volume in the bottom product
means that, if ozone accumulation can be avoided, no oxygen will be transferred to
the second batch distillation column.

Conclusion

It has been shown that the catalytical reduction of oxygen is a feasible pre-
treatment step for cryogenic krypton removal from reprocessing off-gases. Oxygen
feed concentrations of 20 % can be reduced down to 0.5 ppm volume.

However, the use of large amounts of hydrogen remains expensive and potential-
ly hazardous. To avoid this drawback, the selective catalytic reduction of NO,
with ammonia appears to be a valuable alternative to the fore-mentioned process.
Further, experimental evidence has been obtained to show that the cryogenic distil-
Tation of krypton in presence of oxygen causes no problems under non-radioactive
conditions.

In the future, radioactive krypton will be fed to the cryogenic distillation
unit to determine experimentally the behaviour of oxygen and ozone under radioac-
tive conditions.
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DISCUSSION

MONSON : What concentration of ozone do you consider a safety
hazard? What is the efficiency of ozone production from oxygen in
a Kr-85 field? -

GEENS: For our experiments, we will not exceed a concentration
of 1% by volume. However, research performed by Mr. Penzhorn in
Karlsruhe, Germany indicated that the explosive limits of ozone are
about 4% and 7% by volume, respectively, in liquid oxygen and in a
liquid Kr-Xe mixture. I do not know the exact figures. At our

demand, the University of Louvain, Belgium,investigated the formation
and destruction of ozone in & B-y radiation field. They found that

the destruction occurs much faster than the formation. This is logical
since ozone 1s an unstable compound. '

von AMMON: With high O, concentrations in the Kr-rich section of
your column, you undoubtedly have a high formation rate of 03 which
collects in the bottom. Do you have any plans to use destructive
methods of this ozone?

GEENS: Yes. In fact, since we have a packed column, we can use
destruction catalysts in our packing to limit the accumulation, or
even avold it. At .the University of Louvain,there have been studies
on the formation and destruction of ozone under the influence of
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radlioactive radiation and 1t has been found that destruction goes very
much faster than formation. Therefore, if we maintain a radiation
level 1in our bottom product we will destroy the ozone formed in the
krypton-oxygen separation layer that trickles down to the bottom.

THOMAS, T.R.: What is the upper allowable 1limit of oxygen in
the fed gas to your cryogenic distillation column?.

GEENS : _ *We only went to the concentration in air, which
is 21%.

THOMAS, T.R.: What I am asking is, you couldn't operate in an
alrstrean could you?

GEENS: 20% is an alrstream.

THOMAS, T.R.: Are you considering that a practical operating
limit?

GEENS: Yes, it is a maximum for dissolved O, in the raw

gas stream. It probably won't be as-high in a raw dissoclver-off gas
stream, but we can handle 1t.

THOMAS, T.R.: The reason 1 asked this question is because in
most of the studies being done today in Germany, France, and elsewhere,
they have tried to eliminate oxygen totally. Are you suggesting in
your studies fthat it would be 0.K. to use:*an alr stream?

GEENS: Yes, it would be.

THOMAS, T.R.: What are your future plans as far as demonstra-
ting this in a hot mode or on a larger scale?

GEENS: In the European Community, we are planning to
feed oxygen in 20% concentration by feeding air to our cryogenic
distribution distillation unit together with krypton-85. Since we are
limited to our existing unit, we restrict total inventory of krypton
to about 100 curies. In order to do something more, we are providing
an additional radiation source in the bottom of our column to see if
we are forming ozone, and if we are destroying it. We are also
planning to feed ozone into our column to see if we can destroy it

in the bottom with krypton-85 radiation plus the additional radiation
source.

DETITZ: Is there dust formation of the catalyst beads,
or pellets, in the operation of the process?

GEENS: We observed some dust, especially during the
first experiments,but not much later on.
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BEHAVIOUR OF IMPURITIES IN A CRYOGENIC KRYPTON REMOVAL SYSTEM

R. von Ammon, W. Bumiller, E. Hutter, G. Knittel, C. Mas, G. Neffe

Kernforschungszentrum Karlsruhe, Federal Republic of Germany

Abstract

Two radiolytic reactions which may take place in the cryogenic columns of a Kr-85
removal system in the off-gas cleaning system of reprocessing plants were simulated
in the inactive test unit KRETA: formation of ozone from O, and of nitrogen oxides
from 0. and N.. The reactions were simulated by adding O3 and NO + O2 to the feed
gas, respectively.

Whereas accumulation of O, in the first column is not critical, it can reach con-
centrations in the percen% range .between the krypton and xenon sections of the
second column.

NO reacts with O, rapidly at low temperatures to N.O. and N_O,. The solubility
of N_.0y in liquig xenon has been determined to be gbdut 1 méle-% at 200 K in a
laboratory study. Crystallization of moderate amounts of N.O, in the sump does hot
cause column malfunctions. However, if N, O, crystallizes in the feed gas section
of the column, plugging of sieve plates may occur.

In a laboratory study and during test runs with the semiscale catalytic unit
REDUKTION it was found that CH, and other hydrocarbons can be removed from the
off-gas by oxidation with H20 vapor even in an atmosphere containing excess H
for tge reduction of O, and"NO_. For complete removal of CHh temperatures of
Z 500" C must be maint&ined.

I.Introduction

The main disadvantage of any cryogenic process for the removal of radiocactive
krypton from the off-gas of reprocessing plants is its sensitivity towards certain
impurities which may cause plugging by crystallization or which may create a
safety hazard. Therefore a rigorous gas pretreatment including catalytic reduction
of O, and residual NO is usually recommended(1). The impurities of main concern
are 82, CH, , and NO, Because they accumulate in the krypton-rich sections of the
cryogénic columns. In previous publications we had reported studi?% o%)the beha-
viour of each of these compounds in our inactive test unit KRETA i If present
simultanously, some of them will react chemically and, in addition, they will
radiolyze under irradiation. Products of radiolysis again may undergo chemical
reactions.

In lack of hot experiments, we have simulated recently two of the most important
radiolytic and chemical reactions by adding trace amounts of O, to the feed gas,
and NO + O, in another experiment. The intention was to gain information about the
tolerable concentrations of these impurities in the feed gas from the accumulation
of O, and the rewction of NO with 0, to higher nitrogen oxides and their accumu-
lation in the cryogenic columns.
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IT. Behaviour of Ozone

1. Background of the experiment

In simulating the radiolytic ozone formation in a rectification column one would
have to feed ozone formed outside the column into each column stage according to
its formation rate. The rate varies strongly depending on the Kr-85 inventory and
the G-factor which, in turn, depends on the O, —concentration, Such an experiment
would be very laborious. We simplified it by Calculating the O, inventory of the
first column(2) and adding the cumulated amount to the feed gas. We thus treated
O3 like any other impurity of the off-gas stream!3/.

We assumed further that a catalytic O, retention unit was implemented in the off-
gas cleaning system and that the feed=gas to the first column contained O. in a
mixing ratio of 10 ppm_. Under these assumptions an O, feed concentration of

3.5 ppm_ is calculated. Therefore we carried out the KRETA experiments with O,
feed concentrations between 2 and 10 ppm_ . :

0, was prepared by an electric discharge in an ozonisator (H. Neumayer, Freiburg).
The ozonisator was operated with alr under normal pressure. The O, containing air
was then pressurized to 6.5 bar and fed into the feed-gas to the first KRETA
column. The desired concentrations of a few ppm,were obtained by dilution and by
control of the discharge voltage. The feed gas also contained fairly large amounts
of 0, (about 90 ppm_ per ppm  of 03).

2. Ozone Accumulation in the First Column

A steady state concentration profile of ozone in the liquid phase as calculated
for a feed concentration of 10 ppm_ with a plate-to-plate calculation method is
shown in fig. 1, where the column height is expressed in terms of theoretical
stages.
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Figure 1 Calculated concentration profiles in first KRETA column
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For comparison, the experimental concentration profile is presented in fig. 2
obtained with the same feed concentration.
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The samples were taken from the gaseous phase except for the points at the

abscissa which refer to samples of the sump liquid. The agreement between the calcu-
lated and experimental O, profiles is good: the maximum calculated concentration

in the theoretical stage next to the column bottom and the maximum experimental
concentration in the gaseous phase at the fourth practical plate is 0.23 and

0.24 mole-%, respectively. These points coincide approximately because the bottom
product was withdrawn from the fourth plate. Although the accumulation with

respect to the feed concentration is high, this concentration is far from being
critical as fa{ %s safety is concerned. The explosive limit of O3 in Kr/Xe is

about 7 mole-% 2

3. Ogzone Accumulation in the Second Column

In order to avoid the relatively high concentration of 0.24 % in the feed gas to
the second column we lowered the O_ feed concentration to the first column from

10 to 3 ppm, . The O3 concentratiofl in the transfer stream under this condition
amounts nominally to~682 ppm_. We have measured 560 ppm_ under steady state
conditions (see fig. 3). The difference probably is accounted for by fluctuations
in the feed concentration. A feed concentration of 560 ppm_ to the second column
still is quite high and it is to be tolerated only if the equivalent amount can be
withdrawn from the column together with the xenon product stream. Complete trans-—
fer of the ozone to the xenon would result in a nominal concentration of 616 ppmv.
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It turned out, however, that under the operation mode of the second column (reflux
ratio approximately 100 and control loops not perfectly optimized) the O. concen-
trations in the xenon consistently were much lower. As a consequence, a Strong
accumulation took place between the xenon and krypton sections (fig. 3). After a
few hours of operation already O, concentrations in the percent range were measu-
red. It was clear that safety dig not permit further operation in such a manner.

After increasing the cooling power of the column condenser it was possible to
condense more O, into the xenon thus increasing its concentration into the desired
range. But, as it turned out, we also condensed krypton thereby. Its concentration
in the xenon product amounted up to 0.38 % instead of 10-100 ppm , the usual
concentrations measured under routine operation without O.. In a real plant, such
a stream would have to be recycled, of course. £

Alternatively, the ozone could be effectively withdrawn with a sidestream from the
point of maximum accumulation above the xenon section. We did not test this possi-
bility. Calculations showed, instead, that further increase of the reflux ratio in
the column should improve its separation efficiency, so that a gsatisfactory O,
concentration in the xenon could be achieved while still keeping it essentialfy
free from krypton. With a reflux ratio of 300 and improved control loops we have
achleved residual krypton concentrations of less than 1 ppm_ in the xenon product.
A test with ozone will be carried out in the near future.
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IITI. Behaviour of Nitric Oxide

The accumulation of NO in the first column in the absence of O, has been studied
and reported by us before'?)., NO was found to leave the column”via its head be-
cause the dimerization equilibrium of NO is shifted to the side of the monomer
under high dilution. In the presence of O, rapid oxidation occurs to N, O, and

N.O, . These nitrogen oxides are colleggsd in the column sump and tend To~ freeze
out since their solubillity 1s limited .

1. Solubility of N2Oh

Nevertheless, fairly large amounts of N_.O, can be tolerated in the sump without
disturbing column operation. O >reason is the solubility in liquid xenon which 1is
higher than originally assumed . We have determined the solubility now more
exactly in a laboratory cryostat by visual observation of the crystallization
limits. The results are presented in fig. k.

10

P TRl 5 o |

1.0

T

N,0, concentration [mole-*/s]

PN IO |

— 17 [k ] ——

1 I I
0.0055 0.005 0.0045

e

Figure 4 Solubility of Nz0; in liquid xenon

At 200 K the solubility limit is approximately 1.2 mole-%. This temperature coin-
cides with the temperature of the sump liquid of the first KRETA column. So in a
sump volume of 10 1 about 200 g of N.O, can be dissolved before crystallization
begins. In order to limit crystallization or avoid it at all, a side stream of

the sump liquid would have to be purified from nitric oxides, e.g. by recycling
it to the reduction catalyst.
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2, Crystallization of N2Oh from the Gas Phase

On the other hand, we have noticed that crystallization may take place in the
feed entrance region causing plugging of sieve plate holes. This behaviour
resembled very much the freezing of xenon which we had experienced during early
experiments with the KRETA facility(3). A slow increase of the differential
pressure across the sieve plate just above the feed point, which i1s an indication
for plugging, was observed already with concentrations of 1 ppm_ of NO and 5-
10 ppm_ of 0,. v
v 2
Very likely such a behaviour would not be encountered in a packed column. Never-—
theless, a very stringent prepurification of the off-gas from nitric oxides and
oxygen has to be postulated in the catalytic reduction unit preceding the
cryogenic part. Although some nitric(?xigﬁs will also be formed in the cryogenic
columns by radiolysis from N, and O ’ , 1t is anticipated that N,0, concen-
trations arising from this source will remain below the limit to cauSe plugging.
Moreover, the highest radiolytic formation rates will take place in lower parts
of the column where the Kr—-85 activity is highest(2),

IV, Formation and Removal of Hydrocarbons

at the Reduction Catalyst

The accumulation of CH, in the cryogenic columns was described by us before(j).
We also have discussed the pos?%?ility of formation of new CHy by reduction of
COy at -the reduction catalyst . CH, formation from CO, had been found negli-
gible for thermodynamic reasons at temperatures Z 450°C,“because equilibrium

reaction 1 is shifted far to the left.

CO2 + L H2 \sﬁ CHu + 2 H20 (1)

For the same reason it is possible to coxidize CH, and other hydrocarbons with H.0
even in the presence of excess H,.. If large concentrations of 0, and/or NO_ are
reduced in the catalytic unit the partial pressure of H.O in thé gas loop will be
quite high. For instancg, in our semiscale unit REDUKTION (gas throughput in the
dilution loop 300-500 m>/h) it is determined by the temperature of the gas cooler
behind the catalyst and amounts to almost 3 % by volume. Under these conditions
the oxidation yields of hydrocarbons are high. In fig. 5 the dependence of CH
oxidation on the H_ O partial pressure at 350  C is shown as determined in a
laboratory scale kinetic study. The influence of increasing H, concentration was
also investigated in this study. The decrease of the oxidation yield with in-
creasing H2 concentration is not very strong.

In the semiscale tests with the catalytic unit REDUKTION, where the temperature
is higher (about SOOO C) and the H,O partial pressure is higher by an order of
magnitude, oxidation yields are almost quantitative. Typical results of routine
analyses in the effluent gas are & O,1ppm_ of CH, and 2.9 ppm_ of CO, as
compared to 1.5 ppm_ of CH, and 0.5 ppm_ Of CO in the feed gas which partially
consisted of air. Obviously CH, was effectively oxidized while some of the CO
was reduced to CO. The latter result can also be explained by thermodynamic rea-
sons, because formation(%% CO from CO2 is an endothermic process being favoured
at higher temperatures .
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Higher hydrocarbons are oxidized more easily than CH,, as the degree of unsatura-
tion and the chain length are increased. From fig. 6 can be deduced that at

300°C only about 20% of the CH, have been oxidized whereas the .oxiddtion of C H
C H,, and a mixture of C H é C H shows yields between 60 and 80% already. %he
y1e ds are referred to the amount 09 CO formed.

Thus, the installation of a catalytic oxidation step for hydrocarbon removal in
an off-gas purification system appears unnecessary, if a catalytic reduction step
is included
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SELECTIVE ABSORPTION OF NOBLE GASES IN FREON-12
AT LOW TEMPERATURES AND ATMOSPHERIC PRESSURE

E. Henrich, R. Hiifner, F. Weirich, W. Bumiller, A. Wolff

Kernforschungszentrum Karlsruhe, Institut fir Heisse Chemie,
Fed. Rep. Germany

ABSTRACT

A selective absorption process for the removal of noble gases from the
dissolver off-gas in a reprocessing plant is under development. The process uses
freon-12 as the solvent and operates at low temperatures and atmospheric pressure.

The solubility of various off-gas components (Np, 02, Ar, Kr, Xe, CHa, N20,
CO2, NO) has been determined at temperatures between -158° C and -30° C as a basis
for modelling the process, which operates with two absorption columns. The inactive
Xe plus small amounts of 14-C02, N20 and traces of Rn are absorbed in the first
column at absorption temperatures of about -120° C. The radioactive Kr is removed
in the second column at absorption temperatures of about -150° C. The feed-gas to
the first absorption column is sub-cooled to prevent the carry-over of impurities.

The process has been tested in a 2.5 cm diameter Tab-scale column before an
engineering scale column of 10 cm diameter and 12 m height has been constructed
and operated. The throughput of the latter column is 25 m® (STP) off-gas per hour.
The essential results of the test runs can be summarized as follows:

The noble gas decontamination factors_are > 103

The separation of Kr from Xe is = 109

The product gas purity is = 99% by volume (freon-12 vapour removed)

The noble gas mean residence time in the column is << 1 h; this indicates a low
noble gas inventory and a low radiolytic solvent degradation

The experimental results are in good agreement with the process model.

Consequences of radiolytic solvent degradation have been estimated, using
experimental results obtained under process conditions. Degradation of< 1% of the
solvent inventory per year is expected. The inorganic degradation products,
together with any traces of impurities carried over with the feed gas, can be
removed continuously from the solvent with solid sorbents. This maintains a pure
and dry solvent.

The selective absorption equipment is part of an integrated dissolver off-gas

system on an engineering scale. Integrated operation of the selective absorption
subsystem is part of the future development program.
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1. INTRODUCTION

An about 12 GWe LWR spent fuel reprocessing plant (FRP) is expected to be in
operation in Fed. Rep. Germany (FRG) in the mid nineties. In view of the
anticipated future increase of the nuclear power economy, experts have recommended
the development and demonstration of a control technology for radiokrypton /1/. The
recovery of Xe and Kr-85 for commercial use may be an additional incentive.

In a FRP, the fission product (FP) rare gases are routed into the dissolver
off-gas (DOG) and can be removed at the end of the DOG purification train. Two
alternative processes are being investigated at Karlsruhe KfK on the pilot plant
scale: Since 1976 a cryogenic distillation process /2/ and a selective absorption
process since the end of 1983, preceded by investigations with a laboratory scale
absorption column in 1980-81 /3/.

More than half a dozen different operating modes have been developed for
cryodistillation processes in various countries /4/. None of these variants
corresponds to the familiar Xe and Kr recovery process in commercial air l1ique-
faction plants. More general characteristics of cryodistillation processes are: a
high radiokrypton inventory, high operating pressures and complex precleaning
steps, usually requiring H2 for 02 removal from the DOG. Such characteristics are
not found among the advantages. The high state of development corresponds to the
large R+D input.

A selective absorption process was studied at Harwell/UK more than 25 years
ago /5/. Xe and Kr are absorbed simultaneously at atmospheric pressure in CClg
solvent, at temperatures slightly below ambient. A large solvent flow, comparable
to the DOG flow on a volume basis, is required for an efficient Kr recovery.

Extensive development work has been carried out in 3 generations of pilot
plants at Oak Ridge/USA for more than 15 years. The final version is a simplified
combination column /6/. Xe and Kr are absorbed simultaneously at about 10 bar
pressure in CFpCl2 (R12) solvent at temperatures of about -30°C. The operating
pressure is not inherent to the process, but helps to reduce the equipment size.
The R12 solvent was proposed by Steinberg /7/ in 1958 and has many advantages /8/.

Some more general characteristics of these absorption processes are: a low
radiokrypton inventory, preremoval of 02 is not required and an operation at
atmospheric pressure is possible. The small amount of radiolytic solvent degrada-
tion products can be removed continuously. A dry system and suitable construction
materials serve to prevent potential corrosion.

The selective absorption process developed at Karlsruhe/KfK /3/ can be brief-
1y characterized as follows:

- Xe and Kr are separated from each other using two absorption columns and R12
as solvent. The first column recovers the Xe and the second column revovers
the Kr.

- The process operates slightly below atmospheric pressure

- Low absorption temperatures reduce the equipment size.

- Simple and efficient Tow temperature DOG prepurification steps help to main-
tain a pure and dry solvent.

- The operating mode is especially suited to achieve a low radiokrypton inven-
tory and to produce pure product gases, especially a sufficiently Kr-free Xe
product for commercial use.
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? 2. SOLUBILITY OF VARIOUS GASES IN LIQUID R12

The basis of the selective absorption process is the good solubility of Xe
and Kr and the solubility differences of the various off-gas components in di-
chlorodifluoromethane CC1oF2, (freon-12, refrigerant-12,R12) /8,9/.

2.1. Properties of R12

R12 is the major coolant of industrial and home refrigeration units. It is
cheap, non-toxic, non-flammable and chemically stable. Close derivatives are used
as fire extinguishers or solvents for ozone. The properties of R12 are well-known
and some more important ones are summarized in table 1 /10/.

CCIoF»: Frigen-12 Kaltron-12 Freon-12 etc.
producers: Hoechst Kali-Chemie Du Pont
cheap, non-toxic, non-flammable, chemically stable

normal boiling point -30° C melting point -158° C
density 1.50 kg/1 1.84 kg/1
heat of vapourization 40 kcal/kg at 1 bar

specific heat 0.2 kcal/kg-K

volume of vapour 160 1/kg at -30° C and 1 bar

PROPERTIES OF R12 (CCl1oF2, REFRIGERANT-12)
Table 1:

2.2.Method for the gas solubility determination

The experimental procedure is described in the following and the equipment is
sketched in fig.l.

A stainless steel vessel of known weight and volume was evacuated, cooled with
dry ice and filled with Tiquid R12 to about half. More volatile impurities were
removed in two steps: 1. The vessel was warmed up and about 10% of the R12 were
allowed to evaporate. 2. Thereafter, the vessel was cooled down to liquid nitrogen
temperatures and evacuated to less than 10-3 Torr. The amount of R12 contained in
the vessel was determined by the weight difference. At stepwise increasing and
decreasing temperatures T, the R12 vapour pressure p between the melting point m.p.
at -158°C and the normal boiling point b.p. at -30°C was recorded with a pressure
head. The 1liquid was agitated with a magnetic stirrer. Straight lines were obtained
in the log p versus 1/T plot in accordance with literature data, thus indicating
the solvent purity.

Then, a known volume of gas was drawn into the vessel at low temperatures.
The pressure measurements were repeated within the same temperature range. The
existence of equilibrium conditions at a given temperature was confirmed, if the
same pressure value was obtained on approaching the equilibrium from the upper and
Tower temperature sides. Additional volumes of the same gas were added several
times to examine the concentration dependence of the gas solubility.
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The temperature dependence of the distribution coefficients can be calculated
from these data and is shown in fig.2. On repeated measurements, the standard
deviation of the procedure was found to be a few percent in the lower temperature
range; it decreases to about 110% at temperatures near the R12 b.p. at -30°C. The
accuracy of the absolute temperature and pressure calibrations was estimated to be

+ 1.5 K and + 3% respectively.The individual distribution coefficients are to a
first approximation independant from the partial pressure or the presence of
additional less soluble gases. The very low mutual influence simplifies the
mode1ling of the process: the data of binary mixtures are sufficient for process
calculations.

Within our experimental accuracy the distribution coefficients D can be re-
presented by straight tines in a log D versus 1/T plot, except for 02 and N2 at
higher temperatures. The solubility of the individual gases increases with the
boiling point; the more volatile gases are less soluble. At the absorption
temperatures proposed for a process application, the solubilities of the key design
components Xe/Kr and Kr/02 are about one order of magnitude different. The differ-
ence is still half an order of magnitude at the R12 b.p. at -30°C.

In fig.3, the vapour pressure differences of the pure gases are compared to
the solubility differences in R12: Both are comparable and sufficiently high. They
represent a crude measure for the separation selectivity of a cryogenic distil-
Jation and a selective absorption process. The result may be expressed as follows:
At atmospheric pressure and temperatures above the boiling point of a gas, a good
solvent aids maintaining the gases in a more compact liquid form, without loss of
separation selectivity.

2.3. Solubility of solid impurities

The solubility of some trace impurities with higher melting points and Tower vapour
pressures is of interest in view of low absorber temperatures. The data help to
evaluate the sensitivity of the process in case of defective prepurification steps.
The consequences of the low radiolytic solvent degradation are treated in a later
section.

Water is almost insoluble in R12 (26 ppm at 0°C). A very thorough water vapour
removal from the DOG is required in any case, in view of solvent degradation and
potential equipment corrosion. A DOG dew point of about -130°C effectively prevents
the carry-over of water and other freezing impurities into the solvent. Malfunction
of the upstream NOy recovery system may leave some more volatile NO. Partial NO-
oxidation within the absorption columns produces less soluble N204. Preliminary
N204 solubility data in the absorber temperature range are shown in fig.4 /11/.

3. BRIEF PROCESS DESCRIPTION

The simplified flowsheet of the selective absorption process is, shown in
fig.5. Xe and Kr are removed from the DOG and are separated from each other using
two absorption columns. The first column recovers the more soluble Xe; the second
column recovers the less soluble Kr. The operating mode corresponds to a conven-
tional gas absorption process. In the upper absorber zone, the chilled R12 solvent
scrubs the rare gases from the off-gas. In the intermediate fractionator zone, the
solvent is heated to about boiling point and the coabsorbed carrier gases are
flushed back to the absorber. In the lower stripper zone, the rare gases are
completely boiled off under reflux. A pump recycles the purified solvent to the
absorber via a heat exchanger and a solvent cooler and maintains a constant
circulating flow.
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The process pays special attention to a safe handling of volatile radioactive
material: It operates slightly below atmospheric pressure and the Kr-85 inventory
is more than two orders of magnitude lower compared to cryodistillation. Moreover,
the required prepurification steps are less complex: Neither 02 nor C02 or N0 must
be removed. Only water and nitric acid vapours and NOx or any other freezing
impurities must be removed to the trace level, to prevent plugging or potential
corrosion.

An efficient DOG prepurification causes less problems than the consequences
connected with a spoiled solvent. A convenient prepurification subsystem consists
of a low temperature nitric acid scrubber operated at -30° to -55°C plus a de-
frostable feed gas cooler at -130°C or a molecular sieve; a more detailed descrip-
tion is given elsewhere /12/. This combination is also an additional in-line back-
up system in case of minor upsets in the upstream NOy and iodine removal steps. The
in-line correction of upsets contributes to the reliability and availability of the
total system.
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The very low absorber temperatures in the columns are compatible with this
prepurification system and have additional advantages:

The separation selectivity increases at lower operating temperatures

The R12 solvent flow is reduced considerably; the consequence is a lower
energy consumption and a reduction of the equipment size and the required
cell space.

The various parts of the Xe scubber are described in more detail:

1.

Feed gas cooler: The feed gas cooler includes a deentrainement pad towards
the exit and removes the freezing impurities to the trace level. The
operating temperature is about -130°C. The small amount of frozen material
allows extended defrost cycles and can be recycled upstream without
additional treatment. The N20 should not freeze out and is the key design
component. It is a by-product from oxide fuel dissolution. The amount
depends on the dissolution conditions and may be close to the Xe concen-
tration.

Absorber zone: A subcooled DOG at about -130°C is fed to the Xe absorber
zone at about -120°C. The less soluble trace impurities which are carried
over into the solvent, can not reach the solubility limit.

The .absorber is responsible for the DOG decontamination. The total Xe and
the more soluble N20, CO2 as well as traces of Rn are absorbed in counter-
current contact with the chilled solvent. The key design components for
suitable operating conditions are Xe and Kr. The Kr is transported with
the off-gas into the subsequent Kr absorption column.

Fractionator zone: The fractionator is responsible for the final product
purity. The coabsorbed carrier gases as well as a fraction of Xe are
desorbed from the solvent and recycled into the feed gas. The key design
components for suitable operating conditions are Xe and Kr. The cold
solvent is first warmed up in the heat exchanger plus an additional
controlled heater to a few degrees below the boiling point. A large
fraction of coabsorbed gases is already removed during this operation.
About 3% of the circulating solvent flow are vapourized in the
fractionator sump heater. The small volume of R12 vapour completes the
fractional desorption at the boiling point in counter-current flow to the
solvent.

Some product gas is also desorbed in the course of the fractionation
operations. The result is a minor product gas accumulation between the
absorber and fractionator zones. The increased product gas concentration
must be taken into account for the precalculation of the decontamination
factor in the absorber. Additionally the coabsorbed carrier gases are
flushed back to the feed gas and add to the gas load in the absorber zone.
The details of fractionation are the most intricate operations in the
selective absorption system.

Stripper zone: The stripper is responsible for a complete desorption of
the product gases. The key design component is the more soluble COp or the
Rn. About 16% of the solvent flow must be vapourized in the stripper
heater to completely desorb the product gases. The R12 vapour is separated
from the product gases in the reflux condenser. The condensate reflux adds
to the solvent load in the stripper zone. The desublimation of CO2 sets a
lower practical limit of about -75° C for the condensation temperature.
The R12 vapour fraction in the Xe product is therefore = 10% by volume.
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5. 'Solvent tank: The volume difference between the minimum and maximum level
of the tank should at least correspond to the R12 inventory in all the
other column components during operation.

6. Solvent pump: The solvent pump recirculates the stripped solvent to the
top of the absorber and maintains a controlled and constant flow rate. The
solvent flow through the absorber, heat exchanger, fractionator and
stripper zones into the solvent tank is by gravity. The fractionator and
stripper zones are connected directly via a siphon. The closing at the gas
side fixes the product gas take-off point to the top of the reflux
condensor. The product line is additionally connected to the absorber
entrance and allows an automatic short-time recycle of impure product
gases.

7. Solid sorbent bed: Solid sorbents continually remove the small amount of
impurities from the solvent. A pure and dry solvent may be maintained even
in the rare event of an accidental carry-over of impurities with the off-
gas. Spent solid sorbent beds may be regenerated or replaced.

8. Solvent heat exchanger: The solvent heat exchanger considerably improves
the energy economy of the process. The counter-current heat exchange takes
place between the cold and the warm section of the solvent loop. Small and
controlled heaters and coolers maintain the suitable solvent operating
temperatures for the absorber and fractionator zones and compensate for
the incomplete heat exchange.

9. Kr column: The operating mode in the Kr column is comparable to the Xe
column. The key design components are Kr and 02 and the various operating
parameters are adjusted correspondingly. The off-gas from the Xe absorber
may be fed directly to the Kr absorber, without an additional feed gas
cooler, since the heat capacity of the circulating solvent is large
compared to the gas. Depending on the operating modes and conditions, more
or less of the CHg traces in the DOG (air contains about 2 ppmv CHg) will
be found in the Kr product.

10. Raw product purification: The CO» in the Xe raw product contains C-14 and
can be recovered in a conventional KOH caustic scrubber. For a commercial
use of the inactive Xe further purification is required.

The R12 vapours in the Kr raw product can be removed to less than 100 ppm
by refrigeration and to Tess than 1 ppm by adsorption on Linde 13X
molecular sieve /6/.

4, BRIEF DESCRIPTION OF DESIGN AND OPERATION OF THE TEST FACILITY

The design of the test facility is based on previous operating experience with
a laboratory scale test column, experimental engineering scale tests of individual
components, reported data of the Oak Ridge pilot plants, gas solubility data and a
simple model used for process calculations.

The operating temperature and flow ratio on a volume basis in each of the
individual column zones are approximately constant over the packed height. The
distribution coefficients of the key design components depend to a first
approximation only on the temperature. At the low operating pressures, they are
sufficiently independent from the partial pressure and the presence of the other
gases. Therefore, the FENSKE equation shown in Fig.6 is an acceptable tool for
process precalculations.
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Fig. 6 FENSKE EQUATION,CALCULATED CURVES

The extraction or desorption factor E is the gas distribution coefficient at
the operating temperature divided by the volume flow ratio; n is the number of
theoretical stages in the packed zone. The packed height equivalent to a theore-
tical plate (HETP) depends especially on the packing type and somewhat on the
operating conditions. A highly efficient wire mesh packing ('Goodloe', Metex corp.,
USA) has been used. The instructions of the packing manufactorer/13/prov1ded a
crude basis for HETP estimates.

Desirable decontamination and separation factors and product purities have
been defined and a suitable range of operating conditions has been specified for
each individual column zone. The heating and cooling requirements have been
calculated from these data and the various packed zone dimensions have been
estimated, using the 'Fenske' equation and the HETP estimates.

The test column was designed for efficient Xe recovery and not for Kr however.
The essential design data are briefly summarized in table 2.

The pilot plant column is Tocated in a 12 m high cold box on the one half of
only 1.4m? inside floor area. The residual half is reserved for the Kr column under
construction. The walls of the cold box are made from conventional 0.2 m thick
sandwiches of polyurethane foam and steel sheets for thermal insulation. The photo
in fig.7 shows the facility with the front wall removed; the cold column parts are
thermally insulated.

The cold box is in the immediate vicinity of additional engineering scale
facilities for off-gas purification and the start-up of tests with an integrated
DOG-purification system is scheduled for next year.
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Analytical equipment

Two gas chromatographs (Perkin Elmer and Hewlett Packard) are used for product
and fractionator gas analysis. The detection 1limits of the instruments are about 10
ppmv for most components; 02 and N2 are not separated.

The product gas is continually recycled to the absorber zone in a closed loop
equipped with a flow indicator. This mode of operation has several advantages: 1.
The product gas analysis and the determination of the feed gas concentrations are
made at the same time. Sample volumes of 1 ml are withdrawn from the loop 3 times
per hour and are recycled to the absorber together with the helium carrier gas. 2.
The loss of the expensive Xe product is negligeable. 3. If a predetermined product
gas volume is fed into the column, the circulating flow in the product loop allows
a simple determination of the product gas residence time in the column. 4. At
extended operating times, the slowly decreasing flow in the product loop allows a
simple determination of the decontamination factor even without an expensive
instrument. 5. Short-time recycle of impure products is possible , until suitable
operating conditions are rearranged. Therefore, this mode of operation is also
envisaged for plant application.

The purified off-gas is analysed continually with a calibrated quadrupole mass
spectrometer (Balzers). The detection limit for Xe is 10 ppb and about 50 ppb for
Kr, even in presence of some R12 vapour. The background spectrum of 1% by volume
R12 is negligeable in the Xe mass range. The contribution of R12 fragments in the
Kr mass range is considerable and only Kr-83 (11,5% abundancy in natural Kr) is
suited for an accurate determination. Spectra in the Kr mass range are shown in
Fig.8. The gas sample Tloop must be heated to prevent memory effects.

Refrigeration equipment

A brine type intermediate temperature refrigeration system cools the reflux
condensor during operation and shut-down. A canned motor pump maintains the
circulation of the R11 (CC13F) heat transfer fluid in a closed loop. Commercial 2-
stage refrigeration compressors provide a maximum of 8 kW refrigeration energy at
-70° C in the R11 storage tank.

At first, an additional Tow temperature'brine'type refrigeration system has
been used, to cool the circulating solvent and the feed gas to very low tempera-
tures. The heat transfer fluid is R12B1 (CCIBrFy) and has a m.p. of -161° C and
b.p. of -3° C. The circulating fluid is cooled 5own to -155° C by controlled
evaporation of liquid N2 in a special heat exchanger with a large heat capacity.

A considerable simplification of the low temperature refrigeration system has
been obtained with an alternative method. The circulating process solvent (R12 m.p.
-158° C) is cooled directly by evaporating 1iquid No. The complex refrigeration
circuitery and the circulating pump are saved. Though both systems have been

operated without much trouble, the reliability and conveniency of the latter proved
to be much better.

Start-up and shut down procedures

The start-up operations are as follows: Feed ?as and exit pipes are locked and
the system is evacuated overnight to Tess than 10-! Torr, to remove water and any
volatile impurities to the trace level. The intermediate temperature refrigeration
system is put into operation and about 70 kg of commercial R12 are drawn in via 4A
molecular sieve. The gear pump for solvent recirculation is started and then the
Tow temperature refrigeration system and the stripper heater are put into
operation. The Tocks are opened and the fractionator heaters adjusted at a small
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gas throughput. After thermal equilibrium is attained at the desired temperatures
the column is ready for operation. Some minor readjustment of heaters and coolers
is required at normal feed gas throughput to get an optimized performance.

The shut-down operations are as follows. The gas throughput is reduced to a very
small value, to prevent the penetration of wet air. Both fractionator heaters are
switched off. The coabsorbed air is desorbed in the stripper and the product gas
inventory is completely flushed out from the product loop. Otherwise, the product
gases are dispersed throughout the column and considerably extend the following
start-up procedures. The low temperature refrigeration system is shut down. The
stripper heater ist then switched off and the solvent pump some time later. The
intermediate temperature refrigeration system keeps running and compensates for the
heat input through the insulation. After some time, the solvent from dead volumes
(e.g. siphon) has vapourized and is collected in the solvent tank. Start-up from
this state takes Tless than one hour.

35 +
CICF, o
{ |
|
|
Kr83 83 | Kr 3|
TeIcEy l 5_
azmal.ﬂf'aﬁﬂ atazaaues% / 8233“35858?
pure Kr pure R12 Kr-R12 mixture
0.9ppmy 1000 ppmv 1.2 ppmv Kr
in air in nitrogen 10% ppmv R12

IHCH
Fig.8  MASS SPECTRUM IN THE KRYPTON RANGE
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5. EXPERIMENTAL RESULTS

Up to now, about 400 h of test column operation have been accumulated
excluding start-up ov shut-down time. Of these about 150 h have been employed in
short-time testing, requiring frequent start-up and shut-down. The rest of the time
was a campaign of 250 h of continuous operation. The plant performance was without
serious trouble. Moderate changes of the operating conditions need far less than
one hour, until the new steady state conditions are reached. Therefore, more than
60 different operating conditions have been tested.

The major aims of the experimental program are: Verification of the process
model and the data basis, evaluation of component type and design and the
accumulation of experience in view of process reliability under various conditions.
The final objective is the identification of the preferred process modification and
the specification of suitable operating parameters and component design details for
a demonstration plant.

Essential experimental results are summarized in the following figures and
tables:

In fig.9 the dependence of the Xe absorber decontamination factor (DF) from
the gas throughput is compared to the results obtained from the "Fenske"-equation.
The number of stages decreases somewhat towards the high DF's up to about 106. This
is a normal behaviour and can be explained by axial backmixing in the gas and
solvent phases. In our simple model, axial backmixing has not been included.

Axial backmixing is regarded with the help of stage number versus extraction
factor (E) plots, as is shown in fig.10: The slope indicates the backmixing
effects. Within this range of operating conditions the dependence of the number of
stages on the column load was found to be of minor influence. At the desired
operating conditions at about E = 3 the HETP can be calculated from these data and
corresponds to about 0.2 m. The HETP values in the fractionator and stripper zones

are insignificantly lower. The HETP values for the absorption of the less soluble
Kr are about 2 times higher. The relatively low stage heights characterize the

efficiency of the SS 304 L wire mesh packing. They are expected to be approximately
unchanged with increasing column diameters, provided that attention is paid to a
smooth solvent distribution at the top of the column zones.

The dependence of the Xe DF from the operating temperature in the absorber
zone is shown in fig.ll: The data are consistant with the temperature dependence of
the Xe solubility in R12. A rather simple 1iquid No level control system in the
sglvqu Eoo]er was sufficient to maintain the absorber temperature within a range
of + .

Fig.12 shows the stepwise decrease of the Xe DF with increasing off-gas flow rates
as a function of time. After each change of the gas flow rate, the new steady state
conditions are attained in the course of far less than one hour. Even sudden
changes from minimum to maximum flow rates, or the other way round, in the course
of a few minutes do not cause any trouble of the column performance. During this
test run, the fractionator and stripper have been operated under normal conditions.
Since they are not in the main off-gas line, the effects of the flow rate
variations in the absorber are negligeable.

An efficient operation of the fractionator causes some product gas accumulation
between the fractionator and stripper zones. This can be seen in fig.13: The open
circles show the experimental DF's for Xe versus the gas rate, obtained under
~suitable operating conditions in the Xe column. They do not fit with the calculated
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curves, as was verified in figs.9 and 10. The decrease of the DF's caused by the

product accumulation is allowed for in the upper circles, which are in accordance
to the results obtained without fractionation. The accumulation factors obtained

experimentally are in agreement with model calculations.

The Fig.14 shows an example of suitable operating conditions for the Xe
column. Feed, product and off-gas compositions obtained are also indicated.

A brief summary of all the results obtained up to now is given in
table 3. The DF's, separation factors and product purities which have been obtained
are comparable to cryodistillation, as was expected from the comparison of the
separation selectivity for both alternatives. The results are consistent with the
simple process model and the gas solubility data basis. The flexibility of the
process is considerable and the desired decontamination and separation factors can
be adjusted at will by adaption of the column design and the operating conditions.

Some additional favourable characteristics compared to cryodistillation are
worth mentioning: High Xe concentrations in the feed gas up to a few percent by
volume do not cause freezing problems or disturbence of the process. This is
important in view of the higher fuel burnup's and the somewhat lower DOG dilution
with pointless gas volumes from the shear in future plants or variations of the
rare gas concentrations.

Operating the columns under standby conditions does not require rare
gases. Steady state conditions may be reached within one hour after startup. The
rare gases may be removed in a short time prior to shut-down. Due to the Tow
operating pressure and radiokrypton inventory, an accidental release is expected to
be a rare and less serious event.

frlo_o‘ding range

gas rate m3(STP)/h
107 L03530 20 15 10

~on

number of stages
"FENSKE"equuti;nL""

culculutionl‘

|=‘

10
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Xe accumulation factor (average
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absorber design data:

o height 1.8m B

ediameter 0.1m

ewiremesh ;tuucltmg
operating data:

eabsorber temperature -11621°C B

esolvent rate 300kg/h
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Fig.13 XENON DECONTAMINATION FACTORS

COMPARISON WITH AND WITHOUT FRACTIONATOR OPERATION
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OPERATING CONDITIONS

® pressure: 1 bar
e solvent rate: up to 450 kg/h
e gas rate: up to 25m? (STP)/h
¢ flooding range: 30 - 35m? (STP)/h
® Xe absorber temperature: -100 to-125 °C
(Kr absorber temperature: about - 140 °C)
* feed gas components: carrier gases; N2,02
product gases; Xe,Kr,N20,C0;
impurities; 03,(NO)

RESULTS AT SUITABLE CONDITIONS

* consistent with a simple process model

e Xe decontamination factor > 10°
(Kr decontamination factor >103 )
e raw product purity Xe,(02,N20>=99.9 %
without solvent vapours (Kr>99.9 %)
* Kr/Xe separation factor > 103
e residence time Xe in Xe column =< 0.2h
(residence time Kr < 0.4h)
e stage height for Xe absorption about 0.2m
{stage height for Kr absorption about 0.4m)

v
Table 3: m . HCH
SUMMARY OF DATA FOR THE XE COLUMN

(preliminary Kr data in brackets)

The selective absorption process is insensitive to the presence of 03 in the
feed gas. About 500 ppm 03 have been fed to the column. Since the Xe and 03 b.p.s
are similar, the 03 accompanies the Xe and has been decomposed to 02 on a small
catalyst bed in the Xe raw product stream. The explosion 1limit of 03 in R12 vapour
is high, about 24% by volume /15/. The 02 in the Xe raw product does not disturb
the subsequent operations to produce a pure Xe for commercial use.

6. RADIOLYTIC DEGRADATION AND PURIFICATION OF THE SOLVENT

A continuous solvent purification is integrated into the process and is above
all a preventive measure to maintain a dry solvent and a low impurity level. At
normal operating conditions the amount of impurities is very small and does not
disturb the process. The small amount can easily be removed from the circulating
solvent with a solid sorbent bed. Spent sorbent may be regenerated or replaced.

There are two sources of impurities: 1. Carry-over with the DOG and 2.
radiolytic and - probably negligeable - chemical solvent degradation. It is more
convenient and economical to purify the feed gas rather than the solvent.
Radiolytic solvent degradation is inherent to the process and contributes the bulk
of the impurities.
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rig.14  SUITABLE OPERATING CONDITIONS AND RESULTS
IN THE XE COLUMN
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An accumulation of impurities without solvent purification may have disturbing
consequences:
1. Scarcely soluble solid impurities may cause plugging (examples are Hs0, N20g)
Volatile impurities may contaminate the products (examples are NO, CHg)
. Inorganic impurities may be corrosive in the presence of water (examples are
Clo, HC1, HF
i OrSanic, solaent-1ike impurities may accumulate to a large extent without
causing any trouble (examples are CC13F, CF3C1, CoF4Cl2, C2F3C13)

w N
.

-

Radiolytic solvent degradation: Radiolytic solvent degradation is usually
considered to be the major disadvantage of the selective absorption process.
Therefore, the consequences have been investigated in some more detail.

Radiolytic R12 solvent degradation is sensitive to the chemical environment
and proportional to the Kr-85 inventory. The Kr process inventory is proportional
to the Kr residence time, which depends on the operating conditions and the
equipment design. The Kr is concentrated in special parts of the columns. The Kr
inventory in the first Xe scrubber is very Tow; a residence time of about
10-2 h is estimated. In the second Kr column there are two accumulation zones:

1. The cold feed side in the heat exchanger plus the lower absorber and upper
fractionator zone as well as in the space between. 2. The top of the stripper with
increasing Kr concentrations toward the product take-off point in the reflux
condenser.

Organic and inorganic degradation products are produced: The total amounts are
small and do not disturb the process performance. The organic products are solvent-
Tike and inert: CF3C1, CFC13, CpF4Cl2, CoF3C13, CoF2Clg, etc.; they may accumulate
without trouble for a very long time. The inorganic products HF, HC1 and Clo are
potentially corrosive in the presence of water.

The radiation sensivity of the solvent has been determined under process
conditions at the Technical University of Munich /16/. The presence of 02 enhances
the production of the inorganic products by about one order of magnitude;
additionally, traces of COp are formed by oxidative degradation. The amount of
organic products remains approximately unchanged. In the fractionator and absorber
zones the degradation occurs in the presence of 0p; normally no 02 is present in
the stripper zone and the reflux condensor. The addition of suitable scavengers to
the solvent as for example CoCl4, was found to supress the formation of inorganic
products.

A crude estimate of the amounts produced during processing of 1 MTHM in spent
LWR fuel has been made. The presence of oxygen and a total Kr residence time of
0.4 h have been assumed. The following values have been calculated: Less than 20g
solvent are degraded per MTHM. The production rates of HF, HCI1, Cl2 and CO2 are
less than 2 g for each product per MTHM. Less than 10 g of organic material is
formed during processing 1 MTHM. These amounts are rather low. A recheck of these
values in a cold pilot plant would be desirable. Since the radiolytic effects of
electrons and x“-rays are comparable, an X-ray generator should be a convenient
tool for simulation.

7. SOME TECHNICAL ASPECTS

Some important aspects for a technical application are mentioned in the
following.
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The experimental experience with the test column can be used to develop a
crude first idea of approximate design data for 100 m® (STP)/h absorption columns.
This throughput could be compatible with a 6 MTHM per day commercial reprocessing
plant. The conceptual design data correspond to a scale up factor of about 6
compared to our test column and are summarized in table 4.

'XE COLUMN KR COLUMN

COLUMN DIMENSIONS height diameter height diameter
ABSORBER 2.bm 0.30m 3m 0.4m
FRACTIONATOR 3.6m 0.22m Im 0.3m
STRIPPER 2.0m 0.30m 2m 0.4m
total packed height 8m 8m
total column height 12m 12m
OPERATING CONDITIONS temperature pressure | temperature pressure
ABSCORBER : -120°C .0.8bar -150°C 0.8 bar
FRACTIONATOR,STRIPPER - 35°C - 35°C
CIRCULATING SOLVENT FLOW 1.2m3/h (at R12 b.p.) 3m3/h (at R12 b.p.)
SOLVENT INVENTORY TANK 0.25m? - . 0.6m3 "
EXPECTED DATA
DECONTAMINATION FACTOR = 0% Xe =108 Kr'
SEPARATION FACTOR . > 107 Kr from Xe =106 0, from Kr
RAW PROOUCT PURITY >99.9 % XeN20,C0; >99 % Kr (CHy,C02%)
exept solvent vapours wradiolytic solvent degradation

e
Table b: IHCH

CONCEPTUAL DESIGN DATA FOR A 100 M?(STP)/H SELECTIVE ABSORPTION PLANT

The total selective absorption subsystem, including a Tow temperature nitric
acid scrubber for prepurification may be located in a 12 m high cold box with an
inner volume of about 200 m3®. If the box temperature corresponds to the R12 b.p.
-35° ¢ (0.8 bar), large parts of the equipment (fractionator, stripper, solvent
vessels, pumps etc.) do not need much individual insulation and are accessible for
maintenance and repair even under operation. Access through an air lock chamber
maintains a dry atmosphere inside. The Kr-85 inventory and especially the
x-radiation level is Tow, provided that the two Kr accumulation points are
adequately shielded. Short-time access - e.g. to the solvent pumps - might
therefore be tolerated even under hot operation. Such characteristics contribute to
reliability and availability.

Compared to our test column, the increased packed height, proposed for the Xe
fractionator, should produce Xe/Kr separation factors > 10/. Downstream from 14-C02
removal 1 m® (STP) Xe raw product will contain <1 m Ci Kr-85. Further purification
for commercial use is possible without expensive radiation protection measures. Xe
recovery without Kr removal is a simple task and requires only the Xe column.

For the cold box system, a total electric power consumption of about 250 kW
has been estimated. This is based on the assumption, that the peripheral equipment
outside the cold box, especially the refrigeration equipment, requires about
3 times as much electrical energy as the total energy input into the cold box. The
power consumption depends on the efficiency of the solvent heat exchanger and is
nearly proportional to the circulating solvent flow.
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Both refrigeration systems are located in an inactive area outside the cold
box. Heat transfer fluid is R12 at about -60° C, circulating in a closed Toop
through the reflux condensors. Refrigeration compressors cool the R12 in the
storage tank. The second system uses evaporating No at some bar pressure, to cool
the process solvent to the absorber temperature. N2 recondensation machines
maintain the Tiquid Tevel in a N2 storage tank. Counter-current heat exchange
between the feed and the purified off-gas can be used to refrigerate the feed gas
cooler. All heat transfer fluids are constituants of the process system and small
accidental leaks will not procedure immediate trouble or shut-down.

Redundant on-line equipment is required especially for the moving parts, e.g.
for the solvent recirculation pumps, the refrigeration compressors and the N2
recondensation machines, to achieve a high system availability.

The solvent vapour concentration in the purified off-gas is less than 30 ppm
by volume, due to the Tow Kr absorber temperature at -150° C. This is more than one
order of magnitude lower than the 1000 ppm maximum permissible concentration and
corresponds to a loss of about 0.3 kg per day, thus obviating additional recovery
steps.

8. SUMMARY OF PROCESS CHARACTERISTCS AND CONCLUSIONS

Essential technical and safety characteristics of the selective absorption
process under development are briefly summarized in the following:

1. Equipment and operating modes of the process are comparable to many well-known
gas absorption processes widely applied on an industrial scale.

2. Xe and Kr are recovered and separated from each other using two absorption
columns. Any 14-CO2 or traces of Rn are recovered simultaneously with the Xe,
thus paying attention to potential future release restrictions.

3. The process is flexible: the desired decontamination and separation factors
and the product purities can be chosen at will with suitable operating
conditions and equipment design. The process accommodates gas rate and
concentration variations as well as high Xe concentrations.

4. The operating pressure is slightly below atmospheric pressure; this
contributes to safety and reliable process performance. Therefore, an
accidental release is expected to be a rare event. Accidental inleakage of
sma]l volumes of the dry cold box atmosphere, does not create immediate
trouble.

5. The consequences of the low operating temperatures are: an increase of
separation selectivity, a decrease of equipment size and energy requirements;
solvent recovery from the purified off-gas is not necessary. The solubility of
trace impurities is still sufficiently high due to the large solvent volume.

6. The very low rare gas inventory has many favourable aspects:

- An accidental release is less serious.

- The radiolytic solvent degradation is Tow. Therefore, only small volumes
of spent sorbent beds are produced, in order to maintain a pure and dry
solvent. -

- Steady state operating conditions are reached in a short time.

-  Stand-by operation is possible without any rare gas inventory.
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- Short-time access to the cold box may be acceptable even under hot
operation. Such maintenance and repair possibilities improve the
reliability and availability.

7. The off-gas prepurification is not complex, as the process is not very
sensitive to impurities. Only the freezing DOG constituents, H20 and HNO3
vapours and NOy must be removed to the trace level to prevent plugging or
potential corrosion. The sub-cooled feed gas is a very efficient preventive
measure. Previous removal of 02, N20 and CO2 or traces of CHg and even ozone
is not required. In case of defective upstream NOy or jodine removal steps,
the low temperature subsystem in the cold box effects an automatic in-line
correction and contributes to the reliability of the entire DOG purification
train.

8. Data of simple binary mixtures are a sufficient basis for a process model.

Compared to the cryogenic alternatives, technical as well as safety advantages
are expected for the selective absorption process. A final comparison of both
variants investigated in Germany, will be made, when the state of development is
about comparable. The selective absorption pilot plant (TED) is part of a flexible
integrated DOG system (HET facilities) on the engineering scale. Integrated
operation of the rare gas absorption subsystem is part of the future development
program.
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DISSOLVER OFF-GAS AT LOW TEMPERATURES

H. Ringel and M. MeRler
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der Nuklearen Entsorgung
Jilich, Germany

Abstract

Separation of krypton from dissolver off-gas by adsorption on solid
adsorbers is experimentally investigated. The principle of the
developed process consists of adsorption on activated charcoal and
separation of the different gas species by purging the charcoal with
helium. Different process variations in regard to adsorption pressure
and column temperature are compared with each other. For hot cell
application a process with gas adsorption at -150°9C and nominal
pressure seems to be most suitable. In this case and for an off-gas
flow rate of 100 m3 STP/h the whole column volume for a continous
operating process is about 300 1 charcoal and the helium purge flow
rate is 8 m3 STP/h. Among other parameters the influences of the off-
gas composition and fluctuations of the noble gas content have been
investigated.

I. Introduction

In 1983 the German Radiation Protection Commission (SSK) announced
that for a 350 t/a reprocessing plant the retention of Kr-85 would not
be necessary; but the Commission did recommend the further
development of Kr-85 retention processes (1), The processes which have
been investigated so far are typically based on three different
principles: low-temperature rectification (2), absorption (3,4), and
adsorption (5,6).

This paper reports the further process development of an adsorption
process previously described (6). The main principles of the new
process are adsorption at low temperature and nominal pressure
followed by chromatographic gas separation during temperature rise.
It is expected that this process will be very well adapted to the
necessary hot cell operation, mainly small hot cell space and simple,
as well as reliable, operation.

982



18th DOE NUCLEAR AIRBORNE WASTE MANAGEMENT AND AIR CLEANING CONFERENCE

IT. Principle of Dissolver Off-Gas Cleaning

The separation of the noble gas krypton from dissolver off-gas will be
the final step in any dissolver off-gas cleaning process. Fig. 1 shows
a simplified flow sheet of a dissolver off-gas cleaning process in

regard to Kr-85 separation. For the purpose of giving a guideline for

200 kg /'h 100 Nm3/h
= HEARS AND DISSOLVER =
FUEL ELEMENTS = S PURGE AIR
DISSOLVER OFF-GAS
'SEPARATION OF
NO, , AEROSOLS, 10DINE
]
SEPARATION OF
NOy-, H,0 RESIDUES
0,2 vol% Xe
AIR WITH
0,02 vol% Kr
CLEANED
Xe-, Kr SEPARATION OFF - GAS

2000 Ci/h Kr-85
FOR STORAGE

Fig. 1: Basic flow sheet for dissolver off-gas cleaning

the development of a Kr-85 separation process the following overall
parameters are assumed:

E.g. shear and dissolver might have a throughput of 200 kg fuel/h and
could be purged with 100 Nm> air/h. 1 kg of LWR fuel with a typical
burn-up and at least 1 a cooling time contains about 0.1 N1 Kr,
corresponding to 10 Ci Kr-85. This means that the off-gas will have
an average noble gas concentration of 0.02 vol % Kr and 0.2 vol % Xe.

Before noble gas separation the off-gas will be cleaned of NOx,
aerosols and iodine in a main off-gas cleaning process. Residues of
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NOyx and H20 behind this cleaning step can be separated from the off-
gas by adsorption on a molecular sieve, A process based on this
principle is described in (6).

The CO2 of the air can either be separated by an additional adsorption
column of 5 A molecular sieve or it may be separated in the following
Kr separation step, possibly together with Xe and N2O.

ITI. Parameters for the Adsorption of Kr, Xe and
Air on Activated Charcoal

Charcoal Selection

For the development of a Kr separation process by adsorption,
different adsorption characteristics have been measured in the system:
Kr, Xe and air on activated charcoal. During the process development
several kinds of charcoal were considered. The charcoal with the best
characteristics was a "MERCK" activated charcoal. This is a gas
chromatography grade charcoal of 0.5 to 0.75 mm particle size, poured
density of 440 g/l and a specific surface of 1050 m2/g. Although this
charcoal did not have the highest static adsorption capacity for
krypton it-showed the best features with respect to dynamic adsorption
and desorption. This charcoal was mainly used throughout the
experiments.

Adsorption Capacities

The adsorption capacity of charcoal for the noble gases Xe and Kr has
been determined for a variety of parameters such as column tempera-
ture, noble gas content of the air, pressure and type of charcoal.
Fig. 2 gives the most important relationship, which is the dependence
of noble gas adsorped versus column temperature. For relatively low
partial pressure of the noble gases the increase in the adsorption
capacity with decreasing temperature is quite considerable., For
instance, the Kr adsorption from an Ny carrier gas which contains

0.2 vol % Kr increase from 0.04 N1l Kr/l charcoal at R.T. up to

40 N1 Kr/l charcoal at -180°C. This means that at -180°C about 1 1

of charcoal has the same Kr retention as 1 m3 charcoal at R.T.

Breakthrough Curves

The dynamics of the adsorption process in an adsorption column are
shown by the measurement of the breakthrough curve. With this curve
the length of the mass transfer zone (MTZ) and the adsorption
capacity for a specific adsorption column can be determined. For
instance, Fig. 3 shows the breakthrough curve for the adsorption of
Kr in a column at -1309C. At this low temperature, the breakthrough
curve is still symmetrically "S"-shaped, indicating that the Kr
adsorption is still in the range where the adsorption capacity is
proportional to the partial pressure of Kr. This is not true of Xe
as shown by Fig. 4. Compared with the Kr breakthrough, the Xe break-
through is slowed down in the last part of the breakthrough due to Xe
overloading.
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Fig. 2: Adsorption capacity of activated charcoal for noble gases
versus temperature
Dynamic measurement of breakthrough capacity
Gas composition: N2 with 2 vol % Xe and 0.2 vol % Kr
Activated charcoal: MERCK, 0.5 to 0.75 mm particle size

Pressure: 1 bar
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Fig. 3: Breakthrough curve for Kr on charcoal
column: 35 mm ID x 520 mm lg., -1340C, 1.2 bar
gas flow: 1 Nm3/h, air with 0.01 vol % Kr and 0.1 vol % Xe
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Fig. 4: Breakthrough curve for Xe on charcoal
column: 35 mm ID x 200 mm lg., -108°C, 1 bar

gas flow: 1 Nm3/h, N2 with 0.1 vol % Kr and 1 vol % Xe

Velocities of Xe, Kr and Air in a Charcoal Column under He Purge

For the separation of e.g. Kr and Ny in a single process step one has
to apply the principle of gas chromatography. This means a batch of
the Kr-N2 gas mixture is flushed by a carrier gas through an
adsorption column, in the course of which Kr and N3 will travel at
different velocities through the column and therefore elude at
different times.

Fig. 5 gives a chromatogram from a gas chromatograph for the separa-
tion of an air-noble gas mixture in a charcoal column at 90°C. Also
at temperatures well below 90°C, the air components N2, 02, as well
as Ar, will hardly be separated by charcoal, whereas air and Kr
separate increasingly more strongly at lower temperatures. The
dependence of the separation of an air-Kr-Xe mixture on temperature
is demonstrated in Fig. 6. For each gas component the velocity of the
peak-beginning (V) and of the peak-end (Vg) was measured for
different column temperatures. From the diagram one can read the
maximum temperature at which a complete separation of two gas
components can be achieved (for the given conditions such as: column

length, carrier gas flow and gas batch size). E.g., for the
separation of air and Kr the maximum temperature is -300C; for this
temperature the velocity Vg(air) = Vp(Kr). Of course, this is only

true of small batch sizes, such as for analytic measurements. For
large batch sizes this maximum temperature is substantially lower
and has to be determined experimentally.
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Fig. 5: Chromatogram of a gas chromatograph for the separation of an

air-noble gas mixture (5 % Xe and 10 % Kr in air) in a
charcoal column (4.2 mm ID x 3 m lg.) at 909C. The He-
carrier flow was 40 Nml/min. Batch size 10 ml gas

IV. Kr Separation by Adsorption at RT

The outline of a RT-separating process will be given in this chapter
for a comparison of an adsorption process operating at and above RT
with such processes operating below RT.

A possible process for Kr separation without cooling of the adsorption
column below RT is described in (6). This process consists mainly of
two successive steps:

1. Xe separation by charcoal columns with simultaneous
concentration of Kr in the off-gas.

2. Separation of Kr from the residual off-gas by
preparative gas chromatography.

In the first process step Xe and Kr are adsorbed in a charcoal column
until Kr breakthrough. At this moment the column is switched into the
regeneration sequence. The regeneration of the loaded column occurs by
heating up to 180°C and by purging the column with a small Ny flow
under evacuation down to 50 mbar. If a certain part of the desorbed
gas, which has a Kr concentration below and up to the inlet Kr
concentration, is recycled, the main experimental results are as
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Fig. 6: Movement of peak-beginning (Vg) and peak-end (Vg) for air,
Kr and Xe through a charcoal column (3.2 mm ID x 100 mm lg.)
in relation to column temperature. He-carrier flow was
30 ml/min, each gas batch size 0.25 ml

follows:

N1 gas
h.1 charcoal

specific off-gas throughput g = 10

(This specific gas throughput is a value for scale-up approximation
and for comparison between different processes. It gives the possible
off-gas throughput (N1l/h) per column volume (1) for a continuous
operating process. That means for a flow sheet with at least two
parallel columns. It is determined by experiment.)

minimum regeneration time: 2 h
off-gas reduction factor: 8
decontamination factor: ~ 400
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The main experimental results for the second process step,
preparative gas chromatography, were:

o _ . N1 gas

specific off-gas throughput: 15 h-1 charcoal

cycle time: 23 min

quotient of He flow (Vhe) to off-gas flow (Vg) : Vhe/Vg = 4,8

decontamination factor: =1000
Kr concentration of the product: 87 vol % Kr
The process operates at off-gas loading at nominal pressure. If one

loads the column at elevated pressure, the necessary column volume
and He purge flow will be reduced. One example is given in Chapter VI.

V. Chromatographic Kr Separation at Low Temperatures

Adsorption and Regeneration at Nominal Pressure

A Kr separation process at low temperature and nominal pressure wil