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Introduction

et 2 BTy i i

The Nuclear Furnace-l was a small test reactor which was devised te
provide an inexpensive means of testing nuclear rocket fucl elements and
other core components. The various runs, called Experimental Plans, which
took place in the period between May 24 and July 27, 1973 werc the first
occasions in which the hydrogen propcllant flow from a reactor rocket en-
gine was scrubbed clean of all radioactiviiy before being liberated to the
atmnsnhere by burning it in a flare stack. The last component of the
effluent cleanup system (ECS) was a fixed-bed activated-charcoal trap
operated at low temperatures to remove radiokrypton and radioxenon from the
effluent gascs. [Dxperiments were performed to measure the velocity of the
krypton adsorption front through the charceal trap by measuring the amounts
of radiokrypton upstream, downstrcam, and in two locatiens within the charcoal
trap.

The following results were obtained:

1. Wwhen operated at tiie proper temperature the NF-1 charcoal
trap removed the radiokrypton and radioxenon from the
cffluent stream,

2. The dynamic adsorption cocfficients of krypton upon activated
charcoal derived from these experiments are less than those
in the literaturc for krypton adsorbed from helium. This
effect can probably be ascribed to the fact that the hydrogen
in the effluent is interfering with krypton adsorption,
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3. The nuwber of ®%Kr atoms cntering the charcoal trap as
measured by these experiments are in fair aprcement with
he measurcments made by Kuclear Rocket Test Operations,
and Loth agrec with the computations of the amount of
89)kr releasced by the elements.

e
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Hydropen effluent exiting the reactor at v 2440 K was cooled by the
injection of water into the efflucnt strecam, DPassing through a series of
heat exchangers and water separators, the effluent was then cooled further
and condenscd, and the added water was rcmoved with a large fraction of
nuclides that were in particulate form or were soluble in water, After
this, the effluent passed through a fixed-bed silicagel drier and through
a cryogenically cooled fixed-bed activated-charcoal trap to remove the
noble-gas fission products, krypton and xenon,

Xenon is adsorbed much more strongly upon activated charcoal than is
krypton., Therefore, any trap designed to remove krypton from a gas stream
will be more effective for xenon, This discussion will be limited to the
case of the adsorption of krypton on activated charcoal, particularly North
American (G-212, 8x16-mesh, the type used in the charcoal trap.

khen the effluent stream from the rcactor reaches the inlet to the
charcoal trap, the effluent consists primarily of hydrosen gas, but contains
gaseous impurities that result from fuel-clement corrosicn and from the
reaction of those corrosion products with the water added to cool the reactor
effluent, It may also contain some particulate matter, which neced not be
considered here, Table I lists a predicted composition of the effluent
stieam from NF-1 at the inlct to the charcoal trap.

TABLE I

ESTIMATED NF-1 EFFLUENT COMPOSITION

Partial
Constituent Mole Fraction Pressure, Pa

H, 1.0 4.14 x 10°
7 -3

H,0 7.09 x 10 4.89 x 10
cH, 2.78 x 1076 1.92 x 1072
o 8.44 x 1077 5.82 x 107>
Xe " 1.54 x 10730 1.06 x 1076

Kr 7.91 x 10711 5.45 x 10-7



Although such impurities as Clly, and carbon monoxide can reduce the
amount of krypton adsorbed upon charcoal an examination of the literaturc
(Burnctte 1967), indicated that in the concentrations found in the NP-1
efflucent stream they will not effect krypton adsorption. Water vapor is
so strongly adsorbed upon charceal as to completely prevent the adsordtion
of krypton or xcnon, but the amount of watcr carried to the trap by the
efflucnt is so low that it will poison enly the first fow millimeters of
charcoal and effectively shorten the trap by that small length., lvdrogen
is adsorbed upon activated charcoal less strongly than either krypton or
xenon, However, the amount of gos adsorbed upon charceal at any termpera-
ture will incrcase as the pressurce of that pas is increased, What effect
the hydrogen in the effluent, which is at » 4x10% Pa, would have upon the
adsorption of krypton, which is at a partial pressurc of only 5.45x1077
Pa, was unkincown beforc the NF-1 tests, and this was onc cof the facts to be

determined by the expcriments,

Table IT and Fig, 1 present the dynamic adsorption coefficicnt of
krypton upon activatcd charcoal versus temperaturce for low concentrations
of krypton in helium (Burnette, 1961, 1967, Kovatch 1970). Thesce values
were measure. in the absence of pases that would interferc with the ad-
sorption of the Xrypton,

TABLE 11

DYNAMIC ADSORPTIOR COEFFICIENTS, KD,
FOR KRYPTOXN ON CHARCOAL

1000/T (k™) Ky (n°/kg) Ref.
3.55 0.103 3
3.62 0.127 2
3.62 0.152 2
4.0 0.229 3
4.0 0.275 1
4.35 0.488 1
4.45 0.700 3
4.60 1.195 1
5.25 5.230 1
5.65 18.150 1
5.95 135. 1
6.60 305. 1
7.00 940. 1
7.50 1053, 1



then a concentration of kyypton is added at some definite time to a
hydrogen strean Tlowing through a fixed charcoal Led the krypton travels
throupgl the bed as a concentration front which moves from the inlet to the
outlet of the trap, Because the escape of fission products from the fucl
elements is a very steep function of temperature, the hrypton does appear
in the cffluent sircaom suddenly as the fuel clenents reach thei: operating
toemperature,  his front moves through the bed at a veleocity that is a
fraction of the velocity of ithe carricer hydrogen, depending upon the value
cof the dynanic adsurption cocfficient, As the krypton concentration {ront .
moves threurh tie charceal bed the krypton hecomes diffuse because of mass-
transer cffeets and diffusion.  burnette, 1961 presents an exnression that
allows the cencentration of the krypten in a hydrogen strean flowing through
an activated charcoal bed to he caleculated as a function of bed conditions,
time of flow, ond distance throuph the charceal bed (this expression includes
the effect of ducay if the krypton is radioactive):
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1
c, ® concentration in gas stream entering bed, moles/m?,
Vv = volume flow rate of gas, m’/s,
It = height of mass~-transfer unit, m,

H can be estinmated from the following expression:

. Inc]l o.51 2/3
T O.;GB P S
L] pa,
where )
a = superficial arca of bed particles per unit volume, m?/m’

Dp = average particle diameter, m

G = flow ratec per unit arca, kg/mi.s



¥ = viscosity, ka/ﬁ.s

p = carricr ﬁas density, kg/m?
Dv = diffusivity of adsorbate in carrier pas, m?/sec

c = concentration of adsorbate in gas stream, mole/m®,
T = time, sec,

% = distance along adsorber bed, n,

M = total mass of adsorbent in bed, kg,

F = void fraction in adsorber hed,

. L = total lcenpth of bhed, m,

A = radioactive decay constant, 5"1, '
r = A/B,
1 = modifiecd Bessel function of the fixret kind and zero order.

[v]

They found good agreement with this cxpression in experiments investipating the
adsorption of krypton on activated charcoal from a helium strcam.

The experiments carried out on the NF-1 effluent cleanup system charcoal
trap involved the use of activated-charcoal sampling traps, cooled to liquid-
nitrogen temperaturcs, which sampled the effluent upstream, downstream, and at
twe positions within the large charcoal trap. The sampling traps, operating
at much lower temperatures than the large trap, are much more cfficient and
are able to remove all the Lrypton dnd xenon from the cfflucent, These traps
integrate the concentration of °%8x, ®fKr, and "Kr™ in the effluent over the
time of the reactor run. For comparison with the experimental results the
intepral of c/c_ was computed for cach sampling trap in each experimental plan.
The computations were donc by using the proper tcomperaturc of operation of the
large charcoal trap and length of run for cach experimental plun. In addition,
because the cffect of hydrogen upon the adsorption of krypton is uncertaiw, the
computation was performed by using a dynamic adsorption coefficient caual to I,
1/2, /3, 1/5, 1/7, and 1/10 the literature valuc for krypton adsorption upon
charcoal. Thc results of these computations as well as the experimental rcsults

arc discusscd below,



Experimental

The charcoal trap of the NF-1 cffluent cleanup system has a diamecter
of 1.52 m and is {illed to a depth of 1.8 m with 1565 kg of North American
Type G-212 activatced charcoal of 8xl6-mesh particle size.

The cxperiments were planned to measurc the velocity of the krypton
concentration front through the fixed charcoal trap by sampling the effluent
in the charcoal trap at four locations, To do this, four bypass lines were
installed in and avownd the larse charcoal trap to lcad small fractions of
the effluent flow to the sampling traps, Figure 2 presents a schematic of
the sampling sysiem.  The identifications and locations of the sampling
positions are given below:

TRAP 20 -~ immcdiately upstream from the large trap.
TRAP 30 -~ 0,152 m below the charcoal inlet surface.
TRAP 40 - 0,762 n below the charcoal inlet surface,

TEAP 50 - at outlet from charcoal trap; this is
cquivalent to 1.8 w below the churcoal
inlet surface,

The effluent sampling head placed in the charcoal trap itsclf consisted
of 0,.5-in, stainless-steel) tubing, which was capped at the end and which had
holes of ~ 4.5 mm diom drilled into the sides of the tube at such positions
that gas flow was taken from 0,132, 0.244, and 0,337 m from the center linc
of the charcoal trap, The holes were covered with 20-mesh wire screen to cx-
clude charcoal from the bypass lines. The samples upstream and downstream of
the charcoal trap were taken through 1.0-in. pipes wvhich led from the main
effluent piping. The effluent flow throuzh each of the sampling traps,
amcunting to 6.3 x 107% w¥/scc, was lod dircctly to the flarc-stack Leader.
The effluent flow to be analyzed was taken Jrom the bypass ana put through
the sampling traps which collected the radiokrypton. The flow in the bypass
line and in the lines leading to the sampling traps werc adjusted so that the
time of flow from the large charcoal trap to the small sampling traps would
all be equal ord less than 30 sec,

Fach sampling line had associated with it the following hardware: (1)
a solcnoid valve to allow the sampling flow to be saturated and stopped at a
definite time, (2} a heater to warm the cold efflucent, (3) a wmanual valve for
flow control, (4) a floating ball-type flow-meter, (5) a cooling coil to cool
the cffluent before it entered the sampling traps, (6) the sampling traps,
{7} a heater to warm the cold cffluent, and (8) a check valve to prevent
accidental back{low through the sampling traps,
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Each sampling trap consisted of two scctions in scries. ‘The upstrcam
section (called FRONT) and the downstrecam section (called REAR) were of the
same shape and size, a right circular cylinder 0.203 m in diamcter by 0.146
m deep. ‘They each contained 2.132 kg charcoal.

The bypass and sampling system withsut the flowmeters was first operateod
during EP-IT, but so little radioactivity was found in the sampling traps that
there was doubt that any flow had taken place through the sampling system. To
ensure bypass flow through the sampling traps for EP-IIT and succeeding runs,
the following changes were made: (1) the 0.250-in, tubing in the liquid-ritrogen
bath immediately ashecad of each sampling trap was changed to (,5-in, tubing,
to help prevent formation of ice blockage should any water enter the syston;
{(2) the flowmeters shown in Fig, 2 were installed in the outlet line from
each tray, just upstrcam from the check valve; a television camera was used
to vicew the flowmeters during the reactor runs; (3) o wet test meter was
used to calibrate the flowmeter before EP-II1I and EP-¥V but not before EP-1V,
Helium had to be uscd for the calibrations and the responsc of the flowmeters
to hydrogen flow had to be calculated, This computation was perfermed by
NRTO. 1The calibration data were combined with the flowmeter readings observed
during each recactor run to obtain the rates of {low for cach sumpling trap
during cach experimental plan, The results are shown in Table IT1.

Of necessity, the {low calibrations were carried out rather crudely in
the ficld, which lcads one to cxpect that the largest source of error in the
results of the measurements arises from uncertainties in the flow measurcnents,
Before cach rcactor run the small traps werc filled with North Afmerican Carlon
Type G-212 activated charcoal &x}6-mesh, sealed, pressure-tested, and the char-
coal was regencrated by a flow of hot N, for 86.4 kscec, During installation
of the traps care was taken to minimize“the atmospheric water that could enter

the piping.

On the day following each rcactor run, the sampling traps werc removed
from Test Cell-C to the corc sample building at the Nevada Test Sitec, where
the charcoal in each trap was thoroughly mixed and aliquots taken. One
aliquot was used for y-ray spcctrometric measurements and the other was sent
to LASL for radiochemical analysis of %°Sr. The y-ray spectroscopy measurc-
ments vere made with a2 16 x 10° mm® Ge(Li) detector at RRDS,



Hydrogen flow rate computed,
from wet testmeter results
before EP-111

Flow ga%c level computed
for H, a)

EP-III obscrved flow
gage level(3)

Computed "2 flow rate
_Normmalization factor

EP-1V obscrved flow
gage level{a)

Computed H, flow rate
Normalization factor
Hydregen flow rate computed
from wet testmeter results

before EP-V

Flov gage level computed
for Hz(a)

EP-V observed flow
gage level(2)

Computed 11, flow rate

Normalization factor

Ta)Arbitrary scale.

TABLE III

HYDRCGEN FLOW DATA

TRAP 20

4.18x107% m3/s

3.58x10"% n?/s

1.000
0.3

3.58x10"4 m?/s
1.900

4

4,18x107" m¥/s

0.38

0.47
-4 _3
5.17x10 " ="/s

1.000

TRAP 30

4.2x107% m3/s

4,13x107" /s

0.866

002
2.75x10"4 m3/s

1.300

4.23x107% ni/s

1,224

TRAP 40

4.18x10°% n3/s
15.6

25.0
6.60x10"7 m3/s

0.535

10.0
.
2.68x10 " m/s

1.337
3.88x10"% n?/s

16.0

15,0
-4 5
3.64x10 " m*/s

1,421

TRAF 30

3.85x10”%

1.60x10""
2,232

2.28x10™%
0.25

0.19
1.73x10”%

2.990

ni/s

m¥/s

m3/s



Results and Conclusions

Only the final ratios of activities in the various traps are presented
below.

Gamma Rkay Spectroscopy

Table IV gives the ratios of the activities of 35ky™ and ®8kr in

Traps 30, 40, and 50 to that found in Trap 70, as measurcd by y-spec-
troscopy. The specific y-ray peaks that were integrated for these
results are the 151,1-keV peak for ®°Kr™, and the 196.1-keV peak for
88Kr. The data have been corrected for radioactive decay, for branching
ratios, for sample mass, and for detector efficiency. The detector
efficisncy was mcasured with an 1.A.E.A.-calibrated ??Na source imbedded
in an appropriate mass of inactive charcoal. Inaccuracies in the ab-

. solute measurcment of the detector efficiency cancel in the ratios,

TABLE 1V

GAMMA-RAY SPECTROSCOPY RESULTS

EP-111 EP-TV EP-V

5w 65, 85om 85, TR
TRAP 30/TRAP 20 4.1x107%  6.27x107%  6.5x10”! 7.57x107! g.34x107! 8.37x107}
TRAP 40/TRAP 20 - - 0.86x10°%  —- 5.96x107) 5.57x107]
TRAP 50/TRAP 20 - - - -- 4.24x10" 4.27x107}

A potentially important source of crror in these y-ray measurements
results from the gradual desorption of krypton from charcoal at room
temperaturc while the samples are being counted. One indication that
krypton was being lost from the samples during the process of y-ray
counting comes from measurcments taken on Trap 30 from EP-IV. Triplicate
aliquots of charcoal from the front cannister of Trap 30 were taken to
measure the uniformity of sampling. The activity of each sample, corrected
for mass and forradioactive decay, monotonically decreased with the order
in which the samples were counted. The same threc aliquots were analyzed
for ®%Sr, and no such monotonic decrcase in activity was observed. The
plastic bottles that served as containers for the charcoal during y-ray
counting werc not gas-tipht. In Table IV only the data from the aliquot
that was counted first are shown,



In all cases cxcept for EP-V, the gquantitics of 135Xe, which was
measured in the small traps, was higher in the downstream portion of the 1
trayg than in the upstream portion. In addition, the complete alisence i
of '¥%e in EP-ITI Trap 30 and its presence in Traps 20, 40, and 50 !
indicated that the '*°Xe might be entering the traps other than in the
normal way. Also in EP-111 the Trap-40 and Trap-50 data indicated sip-
nificant quantitics of *°¥Xr™ and ®%Kr in the Jownstrcam portions of these
traps. The probability that the data from Trap 40 and Trap 50 were com- :
promised by extrancous effects is sufficicntly high that no further use :
will be made of these data., The check valve in cach bypass line was re-
placed ticfore I'P-1V, and the situation scomed to improve. The check
valves were replaced again before EP and further improvement was
noticed, .although the i35)(0 detectec n EP-V Trap 50 indicated that some
small problem romzined.

895r Analyses

The results of the ®°Sr measurements are shown in Table V. The
principal source of error is likely to be uncertainties in the actual
flow of ll, through cach of the sampling traps and thec problem of back-
flow in the traps., The ratios shown in parcntheses for EP-III were
derived by considering only the activities in the upstream portiocn of f
the sampling trap; all other ratios arc formed by summing the activities
in the upstream and downstream portion of cach sampling trap,

Sampling-trap activities as calculated and as measured are compared
in Tables VI through XII., From such a comparison an estimate of the
effective velocity of travel of the concentration front or, alternatively,
the cffective dynamic adsorption coefficient can be obtained., Table XIII
§ives the estimates of the velocity factors thus obtained. Note that the

® kr and ®5Kr™ results, although suspect, do not disagrec seriously with

the ®°Sr data.

;
t
]

TABLE V £

895y ANALYSES RESULTS

EP-111 EP-IV EP-V
TRAP 30/TRAP 20 5.27x107% 3.26x10" 1 3.18x1071 P
10-2 ¥

TRAP 40/TRAP 20 1.06x107> (1.1x1074)442x10-5 4.82x10 i
. . . - [
CTRAP 50/TRAP 20 2,7x10"5 (6.5x107%) 7.73x107° 1.31x10"3 2

T G fon T o



Trap
Pair

TABLE VI

COMPARISON OF COMPUTED AND MEASURED
SAMPLING TRAP ACTIVITY RATIOS OF 8°Sy POR EP-111

Velocity Factor

Measured
] 2 3 5 7 10 Ratio
107° 0.001 0.006 0.053  0.146 0.296 0.053
.‘7f‘ - - ’) - - .
107 10727 10722 10718 4713 1077 ——
10-76 10768 16-63 0754 1747 1g~40 -
TABLE VII
COMPARISON OF COMPUTED AND MEASURED
SAMPLING TRAP ACTIVITY RATICS OF ®°Sr FOR EP-IV
Velocity Factor Measured
1 2 3 5 7 10 Ratio
1074 0.004 0.016 0.066  0.133 0.233 0.326
10722 10716 10-12 1077 1077 1074 107>
10758 10750 10”47 10730 10740 10714 1074




750
720

Trap
Pair

TABLE VIII

COMPARISON OF CCMPUTED AND MEASURED
SAMPLING TRAP ACTIVITY RATICS OF ®9Sr FOR RP-V

Velocity Factor

1 2 3 s 7 10 Measured
Ratio
0,208 0.450 0.580 0,709 0.773 0.826 0.318
10-4 0.016 0.061 0.182 0,302 0.443 0.048
-13 -5 o
10 10 0.001 ¢.016 0.053 0.131 0.001
TABLE IX
COMPARISON OF COMPUTED AND MEASURED
SAMPLING TRAP ACTIVITY RATIOS OF 88Ky FOR EP~TII
Velocity Factor Measured
1 2 3 5 7 10 Ratio
10-4 0.002 0.012 0.089 0.233 0.435 0.063
107%° 107%° 10022 10717 30713 1070 -
10-76 10-68 10-62 10-53 10-47 10-40 .



Trap

Trap
Pair

730
720

720

TABLE X

COMPARISCN OF COMPUTED AND MIASURED

SAMPLING TRAP ACTIVITY RATIOS OF ®PKkr FOR LP-TV

Velocity Factor

0.021

0.838

0.258

Measured
2 3 5 7 10 Ratio
0.212 0.427 0.644  0.743 0.810 0.757
10713 1078 1074 0.014 0.170 --
- - - - -
10746 10738 10726 10717 10”10 -
TABLE XI
COMPARISON OF COMPUTED AND MFEASURED
SAMPLING TRAP ACTIVITY RATICS OF 88Kr FOR EP-V
Velocity Factor teasured
2 3 ) 7 10 Ratio
0.939 0.956 0.960  0.961 0.963 0.837
0.604 0.729 0.828  0.888 0,951 0.557
0.131 0,389 0.616  0.720 0.819 0.427

107




TABLE X11

COMPARISON OF COMPUTTD AND MEASURTD
SAMPLING TRAP ACTIVITY RATIOS OF ®5ky® pOR EP-V

. Yelocity Tactor \
Trap Measured
Pair 1 2 3 5 7 10 Ratio
730 \ - o
750 0.847 0.944 0.959 0.962 0.963 0.964 0.834
740 . . a o

50 0.271 0.621 0.742 ¢.837 0.8905 0.956 0.596
;gg 1078 0.140 0.406  0.632  0.733 0,830 0.424

TABLE X111

CHARCOAL TRAP VELOCITY FACTCRS FOR VARIOUS ISOTOPES

Velocity Factor for Isotope

(a)

Temperature, K 895y
161

(EP-1V) v14
172

(EP-I1I) ] 5
186

{EP-V) 1.6

2.5

3.0

88yy

7.2

LA bt et

.6
2

N~ D
N YD

(a)The velocity factor is the ratio of the krypton front velocity found

in this work divided by the velocity reported in Burnette.



The dynamic adserption cocfficients obtained frowm thesce ratios are
plotted in Fig, 1. ‘They fell below the neasured line for the adsorption
of krypton from helium onto activated charcoal. This deereased dynamic
adsorption cocfficient may be caused by the hydrogen in the ¢ffluent,
decrcasing “he amount of krypton adsorbed,

Independent measurenents of the amount of 69y entering and leaving
the larpe charcoal trap were nade during EP-IV and [P-V by KRTO under the
technical dircction of SXSQ-N. In Tal:lc XXVI, the values labelled NRTO
werc obtained by analyses of gas samples talen upstrean and downstream of
the charcoal trap during FP-1V and PV, ‘The values labelled LASL were
measurcd by adsorption of the °’Kr in cooled charcoal traps as described
above, All valnes were corrected for aliquots taken, counter cfficiencics,
flow inequalities, and decay from the time of shutdown of ecach LP.

TABLLE XXVI

ESpr ATCMS IN AND OQUT C©F CHARCOAL TRAP

EP-TV (2628 sec) EP-V (3078 scc)

Fractional Fractienal

Source In Out Throughput In Out Throughput
NRTO  2.22x10%  1.9x1010 0.00086 3.22x1017  1.0x1010 0.00059
LAsL  8.25x10%? 1.421x101¢  0.00017 1.476x10%0 5,77x1017 0.0039

Although the number of °%Kr atoms in and out of the trap in EPs-1V
and -V as measurcd by the two methods arc in fair agrcement, differing
only by at most a Jictor of 4, therc is an anomaly in the NR10 data. Their
measurcments show the same amount of °’Kr released by the trap in both
experimental plans, and this makes the calculated throughput less for
£P-V than for EP-1V. Because the charcoal trap was operated during EP-V
at a higher tcmperature and for a longer time this result is most improlable.
Perhaps the KRTO data have bcen compromiscd by a sneak source of activity
as some of the LASL data werc,


http://hydrof.cn

References

Re e Burncttie, W, W, Graham 111, and D, G, Morsc, 1961, ‘The Remcval of
Padioactive Krypton and Xenon from a Flewing Heliws Stream by Fixed-Bed

Adsorption, Keport GA-2395,

R. Do Burnette and D, R, lofing, ?:67, Low Temperature Adsorption Studies

for the PSC Rescior, Report GA-7932,

J. Louis Kovatch, 1970, Krypton-Xenon Adsorption Studics on Nacar Carbons,

Report NACAR-10004,



Figure 1

Dynamic Adsorption Coecfficients of Krypton or Charceal
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Figure 2

KF-1 Charcoal Trap Sampiing System
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