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OPENING REMARKS OF SESSION CHATRMAN:

This session deals with the removal of gaseous 1sotopes which
could be responsible for relatively low radiation exposures to the
public. Because of the low resulting radiation exposures from release,
no consensus has yet been reached on whether to remove these 1isotopes
and, if so, when to start and to what degree to do it. It is fitting
that there is such an international representation at this conference
and, notably, in this session, because this really is an international
problem. The low-level doses caused by these effluents would, in large
measure, be coming from a uniform distribution of the isotopes in the
world's atmosphere. Thus, the consensus I referred to should almost
surely be an international consensus. It 1s significant that eight
of the nine papers in this session deal with noble gas removal, which
is a direct indication of the state of technological development in
this general area. It is also significant that the papers deal largely
with removal and cover lightly, if at all, what to do with the removed
isotopes. I believe this fact brings up another significant general
point in this whole area that cannot be overemphasized: that is, to
assure that we have an adequate storage or disposal method before
undertaking isotope removal. We must keep in mind that in removing
these isotopes, we are converting a low-dose, high-probability risk
to a high-dose, low probability risk--we hope. Since this conference
1s being held 1in Idaho, it is fitting to draw an analogy with a
hydroelectric system where this conversion was improperly made, namely,
the recent failure of the Teton Dam. One of the major Jjustifications
for construction of the Teton Dam was flood control--namely, the pre-
vention of periodic, relatively small spring floods. This low-ex-
posure problem was prevented this May, but in June, when the defective
dam broke, the result, as you know, was a devastating loss of hun-
dreds of millions of dollars and, miraculously, only eleven lives.
Therefore, as we listen to these papers on removal, we should also
keep in mind the necessity of developing disposal and containment
methods for the removed isotopes so that the net result of our efforts
is not another Teton Dam disaster.
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THE DELAY OF XENON ON CHARCOAL BEDS

G. Collard, M. Put, J. Broothaerts, W.R.A. Goossens

S.C.K./C.E.N.
Mol (Belgium)

Abstract

The dynamical adsorption of Xenon on a fixed bed of charcoal
tyge RBL-3 has been investigated in a 15 cm diameter column applying
a 33Xe pulse. The experimental break-through curves were fitted
by the Gaussian relationships proposed by Underhill. All data are
summarized by a Van Deemter's equation the parameter values of which
have determined by non-linear regression analysis of the results.

I. Introduction

The radioactive level of the gaseous effluents from a nuclear
power station depends on the performance of the gas cleaning techni-
ques in use. Up to now, it is common practice to use buffer tanks
- called delay tanks - as a mean to reduce the radbactive content
of the gaseous effluents of a nuclear reactor. This technique
relies on the knowledge that roughly 98 % of the instant radiocactivi-
ty of the noble off-gases is caused by short-lived Xenon and
Krypton isotopes.

The delay of a few weeks, generally obtained now in buffer
tanks, does however not satisfy anymore the "as low as practicable”
principle that has to be fulfilled in the future. Therefore, fixed
beds of charcoal have been proposed. A Xenon delay time of about
fifty days with a corresponding neble gas de-activation factor of
about 700 is now accepted for design purposes (1).

In this context SCK/CEN at Mol has performed the following
three studies :

- comparison of the Xenon adsorption capacity of European charcoals;
- study of the dynamical adsorption on a selected charcoal ;
- study of the behaviour of this latter in a pilot reactor.

This paper treats the dynamical adsorption of Xenon on a
fixed bed of charcoal in order to obtain the necessary design
equations. A European charcoal type RBL-3 has been chosen since this
material showed a high adsorption capacity in the preliminary
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comparative study (2).

II. Experimenctal procedure

The experimental apparatus consists of three parts :

- the gas inletwhere mainly stable Xe is traced with 133Xe :

- the proper adsorption column ;

- the outlet characterization section to measure the tracer
concentration at any moment.

Figure 1 shows the different parts of the experimental
apparatus, a view of which is given on figure 2.

(1) Magneiic vaive

{tx)Manual valve

(2)5tabie Xes Ny Px150atm.
{3} Mass flowmeters

(4 )Nal chrysiai

(5)Tracer preparation

I:volume calibration

11 133Xe source
HI:MC LEOD gauge

to venlifation

I:u::uum l . - -
t 14T
I

FIG. 1
FLOW.SHEE! OF THE EXPERIMENTAL
APPARATUS

Fig. 2 Vew of the plant

In the gas inlet system a main feed stream, generally dry
nitrogen, has been mixed with a side stream containing 8,000 ppm
by volume of 131Xe in order to obtain a Xenon inlet concentration
between 50 and 600 ppm by volume. 1In a few runs, humid air at a
relative humidity between B0 and 65 % was used as carrier gas.

The adsorption column consisted of 15 cm diameter tube, 2 m
long mounted in a vertical position. This column was loaded with
activated charcoal cylinders 3 by 3 mm to a height of 0.8 m.

The total gas flow rate varied between 14 and 84 10~ %m3s™¥, In some
final runs with dry air, the charcoal height was increased to 2 m
and the gas flow rate was varied between 4.4 and 695 10~6m3s
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The gas mixture passed the column until saturation. At that
moment, a pulse of radioactive 133Xe was introduced by directing
the main streaum for a while along a chamber previously filled with
a mixture of nitrogen and 133Xe at the initial Xenon inlet
concentration. In this way, the radicactive pulse did neither
change the over-~all Xenon inlet concentration nor the steady state
of the column. Moreover, entrance effects were minimized by using
inlet and outlet cones with an angle of 10°C.

The break-through of the radiocactive pulse was measured on
line by gamma counting during 100 s with the help of a sensitive
well-type NaIl crystal. The dead time between consecutive countings
varied from 260 to 1700 s depending on the gas flow rate used. The
counting apparatus was connected to a teletype for printing and
for punching on a tape which could ke analysed straigth on a digital
computer.

III. Mathematical analysis of the experimental data

In the computer analysis, the mean and the variance of each
experimental curve were calculated. Further, each set of data
points was fitted by a Gaussian function (3) and also by the
Thomas's function (4). In both cases, the parameter values of
these functions were calculated by minimizing the sum of the
squares of the vertical distance between each experimental point
and the corresponding function value. Both fittings showed no
distinguishable difference, their resulting variances always
differing less than 1 % from the variance of the experimental data.
Therefore the Gaussian approximation was retained and Underhill's
model (3) was applied.

Finally the linearity of the adsorption isotherm was verified

and the dependence of the Gaussian parameters on the gas flow rate
was determined.

IV. Results

The experimental conditions and data obtained are summarized
in table 1.

IV.1l. Capacity of the coal (fig. 3)

The capacity of the coal under these dynamical working
conditions was derived by applying

t
_ G.C.%0.5 (1)
T=—w
where : 3 -1
q = adsorption capacity of the charcoal : Nm“Xe.kg “coal
G = carrior gas flow-rate : Nm3s.-.'1
C = Xenon concentration : Nm:'JXe.NM—3 carrier—gas
t0.5 = mean stay time of Xe in the bed : s

M = mass of the bed : kg

949




14th ERDA AIR CLEANING CONFERENCE

90°0 LL*¢ [AKA A 0°¢ oce 1S 8'91 SL mIOH ¥°69 61
90°0 gt*'¢ v°68 (A4 T€€E ¥9 2 1¢ SL mloa §°GS 8T
I¥°0 ce ¢ £°98 6°69¢ oLe SE88 LLET 009 mloa F°0 LT
G0°0 A L 6C1 L€ 00¢ ov1 (A4 SL mloa 0°st¢ 91
S0°0 AT | 9°1¢T c°€ (44 STt LE SL mIOH S°0¢ ST
90°0 oL*o 0°¥8¢ I°€1 9f¢ 8€9 0ce SL mIOH S°g LA
12°0 6L°0 s*pac 1°9 80¢ 81¢ 86 0o¢ mloa I1°T1 13§
0C°0 L8°0 S 1¢€? £€'8 96¢ 151:34 9¢t oo¢ mloa €°8 A
0zZ°0 IZ°1 6°¥9T 0°v oo¢ 0Lt 16§ 00€ mloH 8°0¢ 11
6T°0 60°1 6°281 b 18 SLe I XA 969 00¢ mloa 120 0°¢ 0T
IT°0 c0°1 F°8L 8°€C ote €L9 60¢ 09T m|0H 1°¢ 6
£ET°0 00°1 1°08 6°0¢ 8LC gL9 L81 00¢ m|OH M.N 8
€0°0 00°1 8°6L 9°*g tec 0Lt 0§ 0s mhoa £°8 L
L0*0 L6°0 9°78 €°aq 9LC OLT Ly 001 mloH £°8 9
01" 0 90° 1 9°GL 9°¢ 8¢ 0Lt 87y 0st mloa £°8 S
£€T°0 90°1 £ el §°S 8¢ oLt 8y 0o¢ mloa €°8 1
€1°0 T0° 1 9°6¢L S°¢S 16¢C 0Lt (34 00¢ mloa £°8 12
AR 0z 1 8°99 9°LE 1422 600T LOE 00c mloa (AN [4
vT1'0 T0° T 2 6L L°T¢ 00¢ €L9 coc 00¢ mLOﬁ 1°2 8°0 T

—.omez g0t Ewo— ) S0l \,,_ uwn|od >ME¢ N g0l

Anoeded _wu_uc._wmm _wu_umm.wo«wﬁ cmﬁm_uw.%“_% Joe4 s mwﬂ._%._hm_amo (&0 ww._wﬂ...__wx :Mﬂ.”__aﬁ%o%hﬂw F.mmE Em_ur

|eo) e 30 b3y Jaquinn adueiiea Aejeq Aeys ueapy Aejs ueapy ax ajel-mo|} sBD) uwnjo) uny

X Xl A HA IA A Al 1l i |

udbosiu Asp -, seb Jopuie)

: synsal [gjudwiIadxy ‘| ajqe L

950




14th ERDA AIR CLEANING CONFERENCE

This adsorption capacity depends on the partial of Xenon.
Expressed in usual units, the following dependence was found :

q=0.91 1073 p (2)
where the partial pressure of Xenon p, is expressed in mm Hg
1 mm Hg = 1 Pa
133
This expression differs slightly from the equation
q = 1.13 107 3p1-07 (3)

obtained under conditions in the preliminary comparative study (2)
by regression analysis of the experimental results.

Both expressions (2) and (3)
indicate that the partial pressure
of Xenon is the only important
parameter influencing the
adsorption isotherm ; the composi-
tion of the carrier gas being

@fﬁﬂﬁfy either dry air or nitrogen

b ’ showed no effect at room tempera-

ture.

CARRIER GAS N3
TOTAL PRESSURE 10 atm.

[ The linearity of the adsorption
isotherm makes the delay factor
of the charcoal bed independent
as well of the Xenon concentration
» Expermenta as of the gas flow rate. This
—_ Equation (&) delay factor generally is put
=== Cauarion@)(2] equal to the ratio of Xenon mean
residence time to the mean
residence time of the carrier gas
in the empty column. It depends
on the characteristics of the
" , coal used and on the main gas
PARTIAL PRESSURE immHs ) component absorbed while other
FIG.3 ISOTHERM OF XENON ADSORPIION AT 25°C gaseous compounds (for example,
humidity) might disturb the
phenomena. The delay factor of
Xenon has a value of the order
of 300 for the coal studied.

L Xe CONCENTRATION(ppm. vol)

2. Effect of gas flow rate on the variance of the
break-through curve (3)

In Underhill's model, the number of theoretical plates,
N, is expressed by )
t

N = 0.5
g2 (4)

with o = variance of the break-through curve (s)
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Moreover, the length of a theoretical plate H is given
by

L
H=g (5)
with : L = bed length (m)

According to Van Deemter the length of a theoretical
plate for a given process is the result of three phenomena so that
the following relationship exists

_ A .
H = Ty + B + C Vi (6)

where Vi is the superficial velocity.

Equation (6) can be generalized and written in non-
dimensional nummbers (3)

a

h = + b +c v, (7)
vy i
where h = reduced height of a theoretical plate
Vi= reduced interparticle velocity.

The values of the coefficients in the latter two equations
were determined for the conditions of this study by non-linear
regression analysis between the experimental N value and the
operating value of the superficial velocity.

This analysis gives the following expression

—6 _
H=24:6210 531034 0.45 v, (8)
Vi i
orx
0.82
h = o + 1.7 + 0.35 v, (9)

Figure 4 shows that the curve related to equation (8) fits
quite well the experimental values of the height of a theoretical
plate.

Figure 5 illustrates for typical working conditions how
goad the experimental points are fitted by the Gaussian function
the parameters values of which were calculated by applying
equations (1), (2) and (8).
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0.80 m long bed.
summarized in table 2.
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V. Additional experimental results

In order to evaluate the influence of humidity on the
performance of the charcoal, five additional runs were done on the

The conditions and results of these tests are

Table 2 : Experimental results; carrier gas : humid air
Run|Gas flow Xe Rela- Mean Delay | Variance|Number | Height
rate conc. tive | stay factor g of of a
3 -1 humi—< time 3 theore-| theore-
m- s ppm dity | of 107 s tical tical
at the plates |plate
25°C 3 -
3 107 s 10" 2m
20 [5.5 107°] 600 60 33 96 .6 87.1 |0.92
21 |5.5 1072 600 53 | 43 125 . 94.0 |o0.85
22 (8.3 1072 200 64 20 118 . 73.1 |[1.09
23 8.3 107%] 600 64 18 106 ) 69.3 |1.15
24 8.3 107° 50 66 18 106 ) 70.0 |1.14

By comparing the values of tables 1 and 2, it can be seen that
the delay factor is reduced by a factor 3 at 60-65 % relative

humidity. Nevertheless, the height of a theoretical plate is only
slightly influenced.

VI.Further work

Based on the results obtained so far{((2) and present work)
a pilot delay bed has been constructed on the off-gas systems of the
pilot nuclear power station BR3 (10 MWe). This delay system
consists of two columns 0.5 m in diameter and 5 m in height
connectable in parallel or in serie. The reception runs will start
as soon as BR3 will be put on power.

VII. Conclusion

In order to reduce radwaste of L.W.R. gaseous effluents, a
complete study has been undertaken at SCK/CEN. The first two parts
of this study have been completed, the results of which can be
used to compare different European coals and to design delay beds
for Xenon in dry or humid air or nitrogen. The effect of coal
ageing, radioactivity and other reactor parameters will be studied
in the near future and will allow to design delay beds for the
retention of Xenon from reactor effluents on mathematical bases.
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DISCUSSION

UNDERHILL: Your equation nine has coefficients which are very
sIimilar to those found in experiments which I carried out earller
using krypton at the temperature of dry ice. I believe that the
values of the first two coefficients in this equation are not strongly
dependent upon the temperature of fission gas that 1s used in the
adsorbent experiments. I think the closeness of agreement between
your results and the ones I have under quite different conditions may
indicate that these values can be used as general values for experi-
ments of thils type. The first two coefficlents should be determined
by the packing of the bed and the third should be dtermined by diffu-
sion of the fission gas in theadsorbent particles.

COLLARD: I agree completely with you and I think most people
acknowledge it. Moreover, the exchange zone 1s so small that it will
never influence very much the performance of the column. Therefore,
these studles must be performed to know the range of usable gas
veloclitles, but not to fix them in a narrow range.

UNDERHILL: One final point. I took the data that I had in

these earlier experiments and examined them by using moment analysis.

It did not make much difference in the values of the coefficients, but
the moment analysls technique is mathematically exact. It's an exact
solution to the mathematlical equatlons for the transfer through adsorp-
tilon beds. Having a mathematically exact solution allows you to take
data from columns of all sizes and compare them without having to use
full scale data. You do not merely rely on the Gausslan approximations.
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The point is that it includes all xinds of factors and is far more
general than, say, using something of the Thomas equation and, yet,
is qulte a simple technilque.

COLLARD: Yes, I think most people acknowledge 1t, but there
are a number of complex factors such as the exchange zone being so
small that it will never influence turbulence.

RIVERS: As you stated in your presentation, the correla-
Tions on page 6 do not provide reasonable descriptions of the device.
Without going deeply into filtration theory, more reasonable cor-
relation forms might be:

For downstream concentration,
-k L™ p " (1)

CO = Ci € P

where Ci is inlet concentration. Taking logs,

n

- _yx
1n(CO/Ci) K L Dp

In XK +mlnl + n 1ln Dp (2)

and ln(Ci/CO)
The values of K, m and n are easily evaluated. Could you provide
your data for such an evaluation? For pressure drop, we could use:

AP = K GP qu
and proceed as before.

GOSSENS : We can not agree with your first sentence as you
stated it. The correlations on page 6 are regression equations for
the data obtained using the technique of parameter planning. These
equations reflect an exact description of the data points but do not
describe the performance of the device, as such, so that interpolations
and extrapolations give only reasonable estimates. If correlation (1)
of your question is applied on our factorial design data [this implies
two "In" in the left side of equation (2) and not one "1ln" as indicated
in your letter], the following constant values are obtained:

K = 3.11
m = 0.31
n =-0.33

The following table indicates that, in this way, a description of
the data polnts can be obtained with the same degree of accuracy as
that given by the first regression equation on page 6 of our paper.

Cy
values for 1ln T
(o]
data point values calculated ues
L,868 4,908
4,193 4,146
6.376 6.320
5.277 5.345

We did not measure the pressure drop, but rather, the pressure increase
per hour.
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THE RELEASE OF ADSORBED KRYPTON AND XENON FROM SPILLED CHARCOAL

D. W. Underhill
Harvard Air Cleanlng Laboratory
Boston, Massachusetts

Abstract

The rate of release of the fission gases, krypton, and xenon,
depends on the depth of the spilled charcoal, the decay constant of
the fission gas, and the 1nitial distribution of fisslion gas within
the spilled charcoal. A mathematical analysis of the rate of release
is presented here which takes into account the initial distributions
which may be encountered 1n practice. It 1s found that: (1) fission
gases more than 15 cm from the surface generally decay within the
charcoal before diffusing to the surface; (2) xenon isotopes diffuse
relatively slowly and that the release of xenon can be protracted
over several days and (3) the initial distribution has a strong ef-
fect on both the rate of release and the fraction of fission gas
released. These equations can be applied to the release of fission
gases from a charcoal adsorption bed following rupture (as for
example by an earthquake). It 1s suggested that in order to minimize
the possible release of fission gases during such an incident that
during normal operation a charcoal adsorption bed be operated at a
flow rate above a certain minimum for this would prevent the adsorbed
fission gases from belng contained within a shallow area from which
their release could be relatively rapid.

I. Introduction

The use of charcoal in fission gas holdup systems has several
advantages. The first and most important 1s that the use of a char-
coal adsorbent considerably reduces the volume of the holdup system.
Another advantage is that 1f there were a rupture in a holdup tank,
the fission gases would be retailned in the charcocal far longer than
they would be in the ruptured tank. This paper addresses the problem
of calculating the retention of krypton and xenon in charcoal spilled
from a holdup bed. If these calculations prove useful in the design
of nuclear contalnment systems, particularly 1f they are helpful 1in
reducing redundant conservatism, they will have served their purpose.

II. Diffusion of Krypton and Xenon 1in Bulk Charcoal

The first step in calculating the loss of fission gases from
spilled charcoal 1s to determine the diffusion coefficient for the
fission gases within the bulk charcoal. The formula used for this
purpose 1is:

D=ygngg+chch (1)
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where D = diffusion coefficient for fission gas in bulk charcoal,
cm©/sec

Y _ = tortuosity factor for diffusion 1n the interparticle void
volume, dimensionless

f = fraction of the fission gas, at equilibrium, in the inter-
g particle void volume, dimensionless

D = diffusion coefficient for fisslion gas 15 the carrier gas
at ambient temperature and pressure, cm-/sec

Yo = tortuosity factor for diffusion through the matrix of the
charcoal, dimensionless

f = fraction of the fission gas, at equilibrium, within the
adsorbent particles, dimensionless

Dc = diffusion cosfficient for fission gas within an adsorbent
particle, cm“/sec

The above equation can be criticized for neglecting the coupling of
diffusion between the inter- and intraparticle volumes. This simpli-
fication 1s valid because D_ 1is generally very small. In practice
the term Dc can usually be ﬁeglected and D calculated as:

D = f D 2
Ye fg D (2)

The next step is to determine reasonable values for y_, f_, and
D_.. The value for y_, as determined from many experimentsgin éas
cﬁromatography and cflemical engineering, has a range of 0.5 to 0.9.
In the results given in Table 1 a value of 0.6 was assigned to y_.
The factor fg can be determined from: g

£ o= &
: " =% (3)
where € = fractional interparticle void volume, dimensionless

p = bulk density of the charcoal, gm/cm3

K = bulk adsorption coefficient for the fission gas, cm3/gm.

The diffusion coefficient, D_, m%y)be estimated using the equation
of Kirschfelder, Bird, and Sﬁotz .

By means of the above formulas, estimates were made of the bulk
diffusion coefficients for krypton and xenon in a commercial charcoal
(Barneby Cheney type 483/AK). Experimental measurements are 2350
avallable giving the measured coefficlents for bulk diffusion .

The results are shown in Table 1. As the predicted diffusion coeffi-
clents relied on estimated values for K, £, and y_, the agreement
between theory and experiment is as good as could~be expected.
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III. Integration of the Basic Differential Eguation

The next step 1Is to calculate the change 1n concentration across
a large mass of spilled charcoal. If diffusion and radiodecay are
the controlling factors, mass transfer is described by the following
partial differential equation:

2

3C _ D3¢ -ac (4)
ot 3x2
where D =

diSfusion coefficlent for fission gas within bulk charcoal,
em“/sec

C = concentragion of fission gas within the bulk charcoal
curles/cm

A = decay constant for fission gas, sec"l
t = time, seconds
X = vertical distance, cm

Three boundary conditions are required for the solution of the
above equation. The first comes from the assumption that fission
gas at the bottom of the spill 1s not expected to diffuse appreciably
into the floor. Then:

.%; (C (x=0, t>0)) = 0 (5)

The second assumption, that the charcoal 1s spilt to a height,
L, and that at the surface of the charcoal, equilibrium exists be-
tween the charcoal and a large volume of fresh air, leads to the
equation:

C(x=L, t>0) = 0 (6)

The most difflicult boundary condition to establish is the ini-
tial distribution of fission gas within the spllt charcoal. It 1is
known that in the intact holdup beds before splllage occurred, the
concentration of each lsotope will be an exponential function of dis-
tance. We should consider the most dangerous type of spill to be one
in which the most contaminated charcoal is nearest the surface of the
splll. This 1is an extremely conservative assumptlion - perhaps to the
point of being unrealistic - for it 1s far more likely that a spill
would lead to mixing of the charcoal and that as a result there would
be no significant concentration gradient in the charcoal. Neverthe-
less both cases can be examined if the concentration of fisslon gas
is assumed to have the following 1nitial distribution wlith respect
to the helght above the floor.

c=a(L=-x)

C(t=0) = C.e (7)

where C_ = the concentration of figsion gas initially at the surface
of the spill, curies/cm
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a = exponential coefflcient describing the initial distribution
of fisslon gas within the charcoal, em ~. The factor, a,
will equal zero is the charcoal is thoroughly mixed in spill-
ing.

The integration of Equation 4 by means of a Fourler series leads
to the following equation for the total fraction of the curies origin-
ally contained within the charcoal that would be released by time t.

-oL
. =Z(8 N CY) ég_gy# e >( (-e D1r (2N—1) + )‘)t>>
(2aL) + (2N- 1)

N=1 1+ UAL (1-e‘

As t+~ the above equation converges to:

) A
(sech Q/gjL) e ol _ 1) + a /Tﬁ’tanh'jgjL_ (9)
(A = Da?) (1-e%F)

If it is assumed that good mixing of the fission gases has
taken place within the charcoal at the time of the spill, then a=0

and:
.- °°( ) ( (2N—l) + N)e/L? > (10)
; (2N-1)°

N=1 Dﬂ2N

And under these conditions as tow:

f = tanh (J%?IJ (11)

Only one factor remalns unresolved before calculations can be
made, and that is the maximum value for a. But this factor can be
determined from the fact that the concentration difference across the
spllt charcoal should be no greater than that existed 1n the charcoal
in the intact holding bed. The difference in concentration, or more
precisely the ratio between the highest concentration and the lowest
concentration in the intact bed should be given by:

C _ kmi
- = e v (12)
o]
where k = adsorption coefficient for fission gas, cm3/gm
m = grams of adsorbent
A = decay coefficient for fission gas, sec
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v = flow of air through bed during normal operation, cm/3sec

The ratlio of the highest to lowest concentration 1n the spilled
charcoal is given by:

%— = e-aL’ (13)
o)
therefore, the maximum value for a 1s:
o = kmd
vL. (14)

IV. Estimated Releases from Spilled Charcoal

The results obtained using the equations developed 1in the prev-
ious section are shown here in a series of graphs. Figures 1-4
illustrate the loss of krypton and xenon from charcoal spills in
which there was an initially homogeneous distribution of krypton and
xenon in the spilled charcoal. By comparison of ‘the results shown
in these figures 1t is immediately apparent that (1) the release of
krypton 1s more rapid than for xenon, (2) that the fraction that is
released from a spill increases with increasing half life, and (3)
that the deeper the spill the smaller the fraction of the fission
gas that 1s released.

The effect of spill depth 1s clearly shown in Figures 5 and 6,
which give the total fraction that can be released as a function of
the depth of spilled charcoal. Note that for beds,several times
deeper than v¥D/A, the fractional release 1is equal to /D/X\ /L.

The final two graphs show the effect of both bed depth and the
initial distribution of fission gas on the total fraction of flssion
gas that will be released. For values of al>>1, the fractional
release can be appreciable. The real danger brought to light by this
analysis is that if the fission gases are concentrated into a small
volume of charcoal, then spillage of this highly active charcoal
could result in a significant release of fission gas. It is suggested
that in order to minimize the possible release of fission gases dur-
ing such an incident that during normal operation a charcoal adsorp-
tion bed be operated at a flow rate above a certain minimum for this
would prevent the adsorbed fission gases from belng contained within
a shallow area from which their release could be relatively rapid.

V. Summary

The results presented here give estimates of the loss of krypton
and xenon by diffusion from spilled charcoal. In making these esti-
mates the following steps were taken.

1. A theory developed for diffusion in bulk charcoal.

2. Measurement of diffusion rates and finding results whilch
agreed with theoretical analysis.
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3. Development of a theory to predict the loss of radloactive
fission gases from spilled charcoal.

It has been the purpose of this paper to show what degree of the
activity contained within a spill can be expected to be released and
thereby give design engineers the abllity to make reasonable estimates

of accident conditions.

Table I Predicted and measured bulk diffusion coeffilcients.

Bulk Diffusion Coefficient, cmz/sec

Predicted Measured
Fission Krypton 2.1 x 10:% 1.6 x 10:3
Gas Xenon 9 x 10 7 x 10
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DISCUSSION

PALMER: It would seem to me that these calculations are of
academic interest only. In other words, if an accident occurred of
such magnitude to spill the charcoal, there would be enough other
serious hazards that the release of the adsorbed krypton and xenon
would be a minor concern.

UNDERHILL: That 1s not always true. This analysis was devel-
oped to learn what would happen if there were a severe earthquake in
a nuclear reactor complex. The working assumption in the analysis
is that the reactor itself would be designed to withstand an earth-
quake of any magnitude considered possible, but that the fission gas
holdup beds were not so designed.

WATT: At the loading that you suggested, I am wondering
whether decay heat would not produce sufficient temperature differences
in various portions of the beds to produce convective flow rather than
pure diffusion.

UNDERHILL: That is a good question. There is a minimum load-
ing of fission gas required for heating effects to become 1mportant.
I calculate that, at a loading of 100 Ci of Xe-133/kg of charcoal that
the initial temperature rise would be 0.1°C/day, and in the absence of
connection and thermal diffusion, the charcoal would reach a maximum
of 0.7°C above its surroundings. At this loading, thermal effects
are not 1mportant.

Krypton isotopes at the same initial loading would
give a similar initial temperature increase, but as a result of the
shorter half 1life of the krypton isotopes, the final temperature rise
would be considerably less.

Finallyy it would appear that even if the interior
of a mass of spilled charcoal were to heat up, cooling of the
surface areas of the charcoal by thermal diffusion would create a
retentive layer which would effectively adsorp the fission gases
released from the interior. This phenomenon deserves further study.

MEARDON : Has there been or is there to be consideration given
to an accident condition involving the combustion of the charcoal bed?
This would seem to be a maximum credible accident for this type sys-
tem.

UNDERHILL: That is not always true - this analysis was developed
to learn what would happen if there were a severe earthquake in a
nuclear reactor complex. The working assumption in this analysis 1s
that the reactor itself would be designed to withstand an earthquake

of any magnitude considered possible, but that the filssion gas holding
beds were not so designed.
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ON REMOVAL OF RADIOCACTIVE NOBLE GASES
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Y. Yuasa, M. Ohta, A. Watanabe, H. Nagao, A. Tani,
Nippon Atomic Industry Group Co., Ltd., Kawasaki, Japan.
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Tokyo Shibaura Electric Co., Ltd., Tokyo, Japan.

Abstract

Cryogenic selective adsorption-desorption process was developed as an
effective means of removing the radioactive noble gases. A series of experi-
ments and evaluation studies have been performed to develop a new type off gas
clean up system which adopted the above process to remove the noble gases
from the off gas streams of nuclear facilities.

The fundamental processes of our proposed clean up system are as fol-
lows; 1) Noble gas enrichment process to remove and enrich the radioactive
noble gases from off gas, 2) Oxygen removal process to remove oxygen and
oxide impurities from enriched gas and 3) Storage process to store enriched
gas into cylinder. For the first process, the '"selective adsorption-desorption"
method was adopted. The laboratory scale experiments were performed to
investigate the breakthrough and enrichment. And the engineering scale expe-
riments are being carried out to contirm them. For the second process, '"metal
getter absorption' method has been developed. The static experiments were
performed with heated zirconium metal getter. And the dynamic experimental
apparatus is constructed and will be operated. For the third process, "adsor-
bent packed cylinder' method has been developed. From the laboratory expe-
riment, it has been proved to have several advantages.

This investigation showed that the proposed methods could be applied to
the off gas clean up system of the nuclear facilities.
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1. Introduction

A majority of the present BWR power plants equip with charcoal delay
beds operated at ambient or reduced temperature for their off gas clean up
systems. These charcoal beds will delay noble fission gases long enough to
allow the shorter lived nuclides to decay to a small fraction of their original
activity, and total activity release to the environment is controlled enough
below 'as low as reasonably achievable' criteria. However, as they have no
decay effect to the longer lived nuclides such as Kr-85, the obtainable decon-
tamination factor (DF) of this delay bed type system will not be able to exceed
about 10*. The DF of some conventional delay bed systems with several ten
tons of charcoal is estimated as about 10?, and almost two hundred tons of
charcoal will be required for the DF of 10*.

Consequently, for the future power plants near populous area or to build
several of them in one site, it will be significant to develop a new type of off gas
clean up system which should be constructed at reasonable cost compared with
the delay bed type system and is able to remove even long life noble gas nu-
clides such as Kr-85.

From this point of view, we have started to study a total system which
could effectively remove radioactive noble gas nuclides from off gas streams
of nuclear facilities and store them safely for a long time period. For the
noble gas enrichment process, the most important process of the total off gas
clean up system, the '"selective adsorption-desorption" method” has been
developed and been proved to be promising for our purpose by the laboratory
scale experiments. For the storage process, '""adsorbent-packed cylinder"
method has been developed. From the laboratory scale test, this storage
method has been proved to have several advantageous points compared with
conventional cylinder method. In case the oxygen gas in off gas stream is not
removed prior to the enrichment process, oxygen and some gaseous oxide
impurities in enriched gas should be removed prior to its long term storage.
For this oxygen removal process, ""metal getter absorption'" method has been
developed. Based on the experimental results of these methods, a feasibility
study for the applicability of these methods to BWR off gas clean up system
has been performed. Also, engineering test plant scale test facility for the
enrichment process has been constructed, and its performance are now being
studied.

In this article, the details of our new off gas clean up system will be
shown. Also, the results of the laboratory experiments for individual processes
in the total off gas clean up system and some of the results from performance
test of the engineering test plant for the noble gas enrichment process will be
discussed.
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2. Proposed Off Gas Clean Up System

A total off gas clean up system could consist of several subsystems.
Prior to determining the construction of these subsystems or their individual
processes for our total system, evaluation studies concerning safety, economy,
performance and others of the many existing processes have been performed.
As a result, several criteria to develop our off gas clean up system have been
settled. Although the details of the discussions for this studies will not be
shown here, some of the representative criteria are as follows ;

1. apply the "selective adsorption-desorption'" method to the noble gas
enrichment process,

2. operate as many subsystems under subatmospheric pressure as
possible,
3. remove oxygen and gaseous oxide impurities after noble gas enrich-

ment process,

4. adopt synthetic zeolite beds rather than reversing heat exchanger to
remove moisture and carbon dioxide before cooling the off gas flow,

5. circulate the enriched gas on the adsorption bed batchwise between
the bed and off gas inlet flow until the required enrichment are obtained,

6. adopt two adsorption beds system rather than three beds system for
the noble gas enrichment, and

7. adopt cryogenic ""adsorbent-packed cylinder' method to eliminate any
compressors for the transportation of the enriched gas to a storage
container,

Based on these considerations, a total process as shown in Fig. 1 has been
proposed for our off gas clean up system.

Description of the Proposed Total Process

BWR off gas is extracted from the main condenser via the steam jet air

ejector (STAE) and transferred to the plant off gas system. Its constituents

are air introduced into the condenser by leakage, hydrogen and oxygen produced
by radiolytic decomposition of the coolant water, small amounts of short-lived
gaseous activation products, fission gases and a large volume of steam. As
shown in Fig. 1, most of steam, hydrogen, oxygen and activation products are
removed at an off gas pre-treatment section, recombiner and cooler, which is
the same section as in conventional off gas line, resulting the principal off gas

constituents are air containiiig moisture, carbon dioxide and noble gases.
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The effluent stream of the pre-treatment section enters the moisture/
carbon dioxide remover, the main portion of which consists of two adsorp-
tion beds filled with synthetic zeolite, where moisture and carbon dioxide
are removed and their effluent concentration are made of the order of ppm.
Since synthetic zeolite can adsorb more or less noble gases, it should be
noticed that radioactivity could come out at regenerating step of the bed.

At the regenerating step of the moisture/carbon dioxide remover bed,

noble gas, CO2 and moisture are desorbed in this order with increasing
temperature. In our process utilizing this desorption characteristic, de-
crease of overall decontamination factor of the system which possibly arises
from this step is eliminated by returning the initially desorbed gas, which
contains most of all noble gases having been adsorbed on the bed, to the
SJAE.

The effluent of the moisture/carbon dioxide remover then flows through
the heat exchanger, where it is cooled to -170°C. Most of cooling source is
provided with effluent stream from cryogenic adsorption bed and shortage of
the cooling is supplemented with liquid nitrogen.

Subsequently, cooled off gas enters the cryogenic adsorption bed,
where noble gases are removed from off gas stream, returns to the heat
exchanger and is utilized as cooling source as mentioned above, and finally
is released from the plant stack to the atmosphere.

Noble gas concentrator consists of two adsorption beds. Off gas or
effluent of the heat exchanger, first enters one of these beds. At the time
when the exit krypton concentration reaches a certain level, the flow pass
is changed to the second bed (adsorption step). Then the first bed is re-
generated and recooled. The present method has the special characteristics
in this regeneration step. That is, the desorbed gas is recycled to STAE
(recycle step) for a certain times after a conventional regeneration step,
and then the bed undergoes the following two different types of succeeding
processes, regeneration at low temperature and pressure (selective desorp-
tion step) and regeneration step with increasing temperature. The selective
desorption process is also conducted with increasing bed temperature but
still at relatively low temperature, for instance from -170°C to -100°C.

At this range of temperature increase, most of all nitrogen and oxygen
adsorbed on the bed are desorbed, but yet noble gases are almost completely
kept adsorbed on the bed. The desorbed gases at this step are returned to
the inlet of STAE. Thus the noble gases are doubly concentrated at the
adsorption step first and then at this selective desorption step. So, the
authors have named this concentration process as selective adsorption-
desorption method. Conc.entrated noble gases are finally desorbed from the
bed by raising the bed temperature up to 50°C ~ 100°C, and are sent to the
noble gas storage sys‘em.

In regard to conventional noble gas enrichment methods, both thermal
swing and pressure swing methods can get relatively low enrichment factor
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with a single stage enrichment system such as described above, and may
require double or more stages to get the sufficient noble gas concentration
for the purpose of the permanent storage. This was a significant dis-
advantageous point of the noble gas enrichment system using the adsorption
method. The authors believe this problem has been resolved by combining
recycle technique with present selective adsorption-desorption method as
mentioned above. Besides, the present noble gas concentrator is operated
at subatmospheric pressure through all the processes, and this is another
advantageous point of the present method.

Inlet flow to the storage system contains not only concentrated noble
gases but also nitrogen, oxygen, ozone and other gaseous impurities. In
order to store these concentrated gases safely for an extended period, it is
required to remove not only ozone and other impurities but also oxygen
which might have possibility to change to ozone during storage. So, the
proposed system equips with oxygen (and other gaseous oxide impurities)
remover. '"Metal getter absorption method'" is to remove oxygen and to
decompose ozone and nitrogen oxide by letting them contact with some kinds
of metals. For instance, zirconium metal does not absorb noble gases at
all while it absorbs a large amount of oxygen at elevated temperature. It
also absorbs nitrogen, but the absorption rate of nitrogen is so far less than
that of oxygen that it can be regarded as a selective absorbent of oxygen.
Inlet flow to the storage system first passes through the oxygen remover
utilizing this Zr getter absorption method, and then enters the storage
section.

The main part of the storage section consists of metallic cylinder in
which a certain type of adsorbent is packed. The cylinder is cooled with
ligquid nitrogen when the gas from the noble gas concentrator is required to
deliver for storage. With this cooling of the cylinder, the system requires
no pumps or compressors for the transportation of the concentrated gas
between the gas holder and the storage cylinder by the adsorption power of
cooled adsorbent in the cylinder, and furthermore the system can be oper-
ated at subatmospheric pressure. At the completion of the storage period,
the cylinder is sealed, left to room temperature and transported to the
storage yard. Internal pressure of the cylinder at room temperature is
kept lower by the action of adsorbent packed in the cylinder than the case
the cylinder contains no adsorbent.
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3. Cryogenic Adsorption-Desorption Process

3.1 General Description and Definition

The noble gas concentrator can be divided into two charcoal beds (A, B),
valves and piping. A typical cycle of operation of the two charcoal beds, based
on one day switching interval, is shown schematically in Fig. 2. The cyclic
process, as shown in the figure, is fundamentally composed of four steps.

1) Selective Adsorption Step

The feed is passed through a cooled bed until the breakthrough of krypton
is detected. Radioactive noble gases are removed from the feed by being
adsorbed on adsorbents. Noble gases enriched on adsorbents are desorbed at
regeneration step.

2) Regeneration Step ( - recycle step or storage step)

The bed is evacuated with raising temperature to 50°C - 100°C following
the selective adsorption step or selective desorption step. Desorbed gases
are recycled to the feed at recycle step, and are transferred to the next oxygen
removal process at storage step. In order to achieve greater DF by the cryoge-
nic adsorption process, it would be necessary to purge the bed with clean gas at
this step.

3) Selective Desorption Step

After selective adsorption step, the bed as being kept at low temperature
is evacuated to a desired pressure with a vacuum pump. Since noble gases are
not desorbed so easily as carrier gas, because of the difference of physical
properties such as mass transfer resistance and adsorption potential between
them, the ratio of noble gases content to the carrier gas becomes greater in
the bed.

4) Cooling Step

After the regeneration step, the bed is cooled to a desired temperature
and kept waiting for the next cycle.

The cryogenic adsorption-desorption process, as previously mentioned,
plays the roles of both removing radioactive noble gases from off gas streams
and enriching noble gases. The efficiency of the former or its DF could be
estimated by using the breakthrough curve of noble gases, and the character-
istics of the latter could be described with enrichment factors at the selective
adsorption step, the recycle step or the selective desorption step. These out-
lines are described below.
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Definition of DF and Analytical Method of Breakthrough Curve

DF could be expressed by a breakthrough curve of non-active krypton
and decay effect of radioactivity in the bed as follows,

%Ai(Kr) +‘§Aj (Xe)

DF = 5 .
tB—‘f BC iZAi(Kr)e Mty

T
where,
Aj (Kr) : release rate of radioactive krypton at an entrance
of the bed (#Ci/sec )
Aj(Xe) : release rate of radioactive xenon at an entrace
of the bed (#Ci/sec )
C/Co : breakthrough curve of non-active krypton (—)
ty breakthrough time (sec )
i, 1 nuclide
Ais Aj : decay constant (1/sec )

Since the adsorption coefficient of xenon is greater than that of krypton, it
has been postulated that xenon does not appear in the effluent at the break-
through of krypton ( < 10-2). In order to evaluate DF by the equation (1), it
is necessary to establish an analytical method of the measured breakthrough
curve and a method to calculate the breakthrough curve under given condi-
tions. Although the various methods to analyze, and calculate the break-
through curve had been proposed, the method proposed by Rosen? was
adopted in this article. A material balance and linear-equilibrium relation-
ship give

22c ac ac

aq
eD = + €
ax? ot at  Yox

)
r—a—%—' =KFaV ( C—q/K )

using the boundary conditions q=0 for t=0, x=0 and C=Co for t=0, x=0, and
neglecting the diffusion term, EDiC;_, the approximate solution to the equa-
tions (2) is 9x
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Under the condition §# >>1, the equation (3) is able to be approximated with

equations,

C/Co

where,

Co

C

Jo

KF avy

(1+erfE)  —ccommae- (4)

L frKpay, 1 