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THE BEHAVIOR OF FISSION PRODUCTS DURING NUCLEAR ROCFKFET REACTOR
TESTS
Peter C. Bokor, William L. Kirk, and Richard J. Bohl
Los Alamos National Laboratory
MS ES50
Los Alamos, NM 87545

Fission product release from the fuel of a nuclear rockst reactor during testing and flight, either
dunng normal operation or potential accidents, will be an important consideration for safety
analysis, test facility design, and possibly mission architecture. One view is that the fission
products (and other radioactive materials) must be contained in the reactor for all normal and most,
if not all, accident conditions. Another, perhaps more realistic view is that complete fission
product retention is impossible at the extremely high fuel teinperature that is essential for attractive
engine performance and that the upper range of potential nuclear rocket engine specific impulse can
be achieved only with fuel in which there are ro geometry or composition constraints imposed by
fission product retention considerations.

In any case, the experience base regarding fission product behavior developed during the Rover
program, the nuclear rocket development program of 1955-1972, will be useful in planning a
renewed nuclear rocket program. DLuring the Rover program, 20 reactors were tested at the
Nuclear Rocket Development Station in Nevada. Nineteen of these discharged effluent directly
into the atmosphere; the last reactor tested, a non-flight-prototypic, fuel-element-testing reactor
called the Nuclear Furnace (NF-1) was connected tc an effluent cleanup system that removed
fission products before the hydrogen coolant (propellant) was discharged to the atmosphere. In
general, we were able to increase both test duration and fuel temperature during the test series.
Therefore fission product data from the later part of the program are more interesting and more
applicable to future reactors. We have collccted fission product retention (and release) data
reported in both formal and informal publications for six of the later reactor tests; five of these were
Los Alamos reactors that were firsts of a kind in configuration or operating conditions. We have
also, with the cooperation of Westinghouse, included fission product data from the NRX-A6
reactor, the firal member of series of developmental reactors with the same basic geometry, but
with significant design and fabrication improvements as the series continued. Table 1 lists the six
selected reactors and the test parameters for each.

TABLE 1. Test Parameters for Selected Reactors.

CHARACTERISTIC

TOTAL TIME AT FUEL EXIT GAS

REACTOR FULL POWER (MIN) TEMPERATURE K
Phoebus 1A 11 2400
Phoebus 1B 30 238)
Phoebus 2A 13 2200
Pewee 1 40 2550
NRX-A6 60 2450
NF-1 109 2450

Fuel element geometry was basically identical for all six reactors, slender hexagons containing
19 axial coolant passages. Each element was 19.05 mm across flats and 1.32 m long. The coolant
passage diameter was approximately 2.54 mm. All surfaces were coated with a refractory carbide,
at first NbC* and later in the program ZrC, to reduce corrosion of the fuel matrix by hydroge 1 (see



Fig 1). The fuel element matrix material in all of these reactors except NF-1 was bead-loaded

graphite; that is, 200-um-diam beads consisting of a UC; core with pyrocarbon coating that were
homogeneously dispersed in graphite. The beads were used to isolate the UC; so that it would
neither interfere with the fuel element surface coating chemistry nor interact with atmospheric water
vapor during storage. However, the data show that the pyrocarbon coating of the beads also acted
as a fission product diffusion barrier during reactcr tests.

In an effort to improve fuel element lifetime and temperature capability, we developed a different
fuel matrix consisting of a mixture of graphite with a solid solwion of uranium carbide and
zirconium carbide (UC<ZrC). These "composite” elements were tested in NF-1 after several years
of development. The uranium carbide is dispersed more uniformiy in the matrix with no barrier to
fission product migration other than fuel element surface coating. The two fuel elemen. matrix
types are illustrated in Fig. 2. A discussion of the fission product data for each selected reactor
follows. Most of the information for Los Alamos reactors was obtained with the assistance of
Emest A. Bryant and A. Eward Norris, who were principal investigators of the radiochemistery of
nuclear rocket reactor fuel. They graciously searched their personal and crganizational files to
provide reference material. The NRX-A6 material was furnished by Robert Holman of
Westinghouse. Tables 2-14 are reproduced directly from materials furnished by these individuals.

!

Although there was a loss-of-coolant accident which caused severe damage to the Phoebus-1A
core at the end of the full-power test, the accident did not result in a large release of fission
products from the fuel elements that remained in the reactor. Fission product retention data were
obtained by post-test radiochemical analysis of fuel elements taken from the core of the reactor.
Those fuel elements which were sampled lost an average of about 1.4% of the mass-140 fission
product chain (measured as Ba-La-140) during the entire test and cool-down period. The loss of

gross fission products, as measured with an ion chamber, was about 1% or less.2

Relcase data for the Phoebus 1A full power test were obtained from the analysis of air samples
collected by two RB57C aircraft. These samples, obtained during and immediately after the reactor
test, indicated that about 1.0% of the gross-fission product inventory was released to the
atmosphere during the test. The fractions of individual fission products released varied widely.
For example 95Zr, 97Zr, 99Mo, 147Nd measured releases were less than 0.01% and 111Ag,
12151, and 1258n relenses were greater than 10%.3:4 The results are summarized in Table 2.

TABLE 2. Phoebus 1A Fission-Product
Losst« by Analyses of Cloud Samples

Fission Amount Fission Amount
Product Lost (%) Product Lost (%)

Sr89 3.8 131 1.76
y91 4.8 Tel32 1.93
Y93 2.6 ll.‘;’ 1.658
7095 <0.01 138 0.58
797 <0.01 paldd 0.25
Mo?9 <0.01 Celdd 0.17
Agtt! a6 Celt4d 0.17
(;dlls 0.0 Ndl“7 <0.01
snl2l 26.8 EulS6 1.6
§nl2s 11.9 1238 <0.01
spl27 8.5
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Phoebus 1B testing included a program of radiochemical measurements of the effluent gas
during intermediate and full power experiments, and of the residual core material following reactor
disassembly. Both the fuel element and the effluent sampling data showed that the release of
fission products from the uranium fue! t¢ the atmosphere was limited to about 0.5%. The fission
product retention data for Phoebus 1B fuel was obtained by gamma-ray spectrum and
radiochemical analysis of fuel elements from the core after the reactor test. The fission product
retention values for 140Ba and 95Zr shown in Table 3 were derived from gamma-ray spectrum
analysis. These retention values are relative to non-diffusing 103Ru and are average values taken
from Stations 44.75 and 50.0.(stations are defined as the length in inches measured from the
coolant inlet end of the fuel element. For example the point 25 inches from the coolant inlet end is
called "Station 25.") The uncertainties of individual values are about one percent. Average values
for the integral retentions of entire fuel elements are 99.8% for 1405a and 99.9% for 95Zr for all
nineteen fuel elements listed in Table 3.5:6

TABLE 3. Data from Analysis of Phoebus-1B
Fuel Elements by Gamma-ray Spectroscopy

Reactor(a) Radius in Fission Product Retention
Location Core(in)  190g, ot sta.  25Zr at Sta.
45-50 45-.50
30-A1-G 1.31 0.976 0.993
30-CA-F 5.69 0.982 0.99¢
270-C1-F §.89 0.999 1.001(b)
330-D3-F 7.27 0.986 0.992
210-D1-B 7.43 0.981 0.988
210-E5-F 9.63 0.987 1.003
150-%1-F 9.86 1.003 1.907
90-F3-E 11.26 0.979 0.99)
330-F3-E 11.26 1.013(a) 1.011
1520-G4-E 12.86 0.992 1.001
3¥-GS-E 13.21 0.988 0.997
30-HS-D 14.31% 0.997 1.007
150-H3A-M 15.20 0.986 0.997
270-H3-M 15.30 1.031(a) 1.011
20-H2-W 16.31 0.940 0.996
210-8{2-W 16.31 0.997 0.998
330-H2-W 16.31 1.000 1.002
1580-H1-H 16.43 1.014 1.018
JM)-HI H 16.413 0.980 0.99%

(#)  The fuel element location code includes a sector and
radins description. Tnis column is included here only to
show the sariety of fuel elements sampled.

(b)  Changes in the gamma-ray spectra due to loss of
mass by corrosion cause apparent retention values of
greater than 1.00.

Fission product retention values for a number of other nuchdes were obtained by porforming
radiochemical analyses ona tew fuel elements trom the reactor core. In cach case, the anmount of
the nuchde was compared to the amount of LA PTRTIRUITS simmple o order o obtain the traction
retned Table 4 hists the retention vidues of vanous tsatopes obtumed by radiochemical analyes,



The uncentainties associated with the individual values are about 5%. The losses of 89sr, Y1y, and

140Ba are too small to be detectable. The overall loss of 115MCd and also 115Cd (which does not
appear in Table 4) are about 40%, which is in good agreement with the results obtain by the

analyses of the exhaust gas.b

TABLE 4. Fission Product Retention: Radiochemical Anal,sis of
Phoebus-1B Fuel

Reactor(a) mu%n_mﬂHs:mm'
Location Station 89 9 4 115m 111

Sr Y Ba Cd Ag
30-A1-G 2.78 1.00 .99 1.02 1.02 .99
8.0 1.00 .99 1.01 1.01 .98
18.50 1.00 .97 1.01 1.03 .99
21.78 .99 .95 1.01 .74 .87
29.0 .99 .96 1.01 .41 .74
34.25 .94 .98 1.01 .24 .67
39.5 .98 .97 1.02 .20 .63
44.75 .97 .93 1.01 .19 .62
£0.0 .99 .96 .99 .20 .62
90-F3-E 18.5 1.01 .99 1.07
23.78 .99 .98 1.00 .79 .~
29.90 .98 .96 .98 .50 eee
330-H1-H 8.0 1.02 1.02 1.02 1.02
13.25 1.05 1.00 1.03 1.05
18.5 .98 .97 .98 .98
23.78 1.00 1.01 1.03 .81
29.0 1.00 1.00 1.00 .52
34.258 .99 .99 1.01 .26
50.0 .98 .99 .98 .20

(a) See footnote a, Tablc 3.
*Retention values are based on the ratio of the activity of the measured nuclide to

the activity of 103Ru, See footnote b, Table 3.

Although measurement of fission product retention in the fuel elements was a more accurate and
reliable way to measure the release of radioactive isotopes, aircraft sampling of the atmosphere in
the vicinity of the test site and sampling of the nozzle exhaust gas was also performed. The aircraft
sampling of airborne radioactive materials was conducted using two RB57C aircraft flying at
altitudes of 1000 to 8000 feet.? The nozzle sampling system used a test probe that was introduced
into the effluent stream for brief intervals to collect effluent samples in cannisters for later
analysis.8

Based on all three methods of measurement, it can be concluded that of the eighteen fission
products measured, there were only five whose loss was clearly greater than one percent. These
five were 115Cd, 115meg 1A 1258n, and 1278h, all of which were expected to be lost at
relatively low temperatures.9 The results of the measurements from the aircraft sampling of the
s1mosg:ere and the saripling of the reactor exhaust gases in the nozzle are shown in Tible S. There
is generally good agreement between the two sets of data 0



TABLE 5. Values of fission-product release obtained from
nozzle sample data and aircraft-collected samples of Phoebus-

1B efﬂuent.7’8

Nozzle Apparent Percent Release Airc: aft

Percent Sample from Sample from Average
Isotope Release Aircraft 851 Aircraft 832 Value
89sSr 0.7 0.91 1.47 1.2
91y 0.3 0.37 0.88 0.63
3y 0.19 J.74 0.47
95z¢ 0.08 6.16 0.73 0.45
92r 0.15 0.67 0.41
99Mo 0.10 0.11 0.35 0.23
14 11.0 21.0 21.0 21.0
115cq 38.0 ( 40% by assumption )
115mcgy 43.0 45.0 42.0 43.0
1256y 9.0 9.9 8.1 9.0
127gyp 5.4 4.7 5.1
131 >0.8 0.86* 1.05* 0.96°*
13271, 0.4 0.74 1.02 0.88
133) 0.41 0.57 0.49
1351 0.2 8 0.09 0.09
140p 4 0.25 0.26 0.74 0.50
144Ce 0.09 0.07 0.51 0.29
147ng 0.08 0.57 0.33
156g 0.20 0.87 0.54
235y 0.09 0.14 0.47 0.31

¢ By gamma-spectrum analysis.

Phoebus 2A was designed to operate at 5000 MW, but unexpectedly high pressure vessel
temperatures resulted in power being limited to 4200 MW. During the Phoebus 2A test series EP-
IV and EP-V, the nozzle sampling sysiem known as the elephant gun, was again used to analyze
the fission product loss from the fuel elements. Five samples were taken during EP-1V, and five
were planned for EP-V. As a result of an incorrect test canister assembly, only two samples were
obtained from the EP-V test. All the presently recovered data regarding the fission product
behavior f%r Phoebus 2A, which are based on the analysis of the nozzle samples, are summarized
in Tabie 6.



TABLE 6. Release Fractions for Various Fission Products Measured
during the Full-Power Tests of Phoebus-2A.

Release fraction at:
Isotope EP-IV(June 26, 1968) EP-VB(July 17, 1968)
Measured 21390°* 215890 21760 21960 22053 28750 28934

I5cqss .40 .40 .40 .40 .40 .029 21
895y .0018 .0038 0035 .0085 .0060 .0015 .004
9y .0009 .0014 .0020 .0053 .0016 .00033  .0014
5zr .0001 .0002 .0001 .0013 0002 .- .-
11154 124 132 178 .273 216 .026 .24
1314 .0007 .0010 .0012 .0026 .000¢ .00025 .00086
1327, .0024 .0025 0035 .0075 .0018 .000029 .0025
140g 4 .0017 .0017 .0060 .00017  .00043  .09087

* Time in seconds where 0 seconds is at 6 am on run day.

#s 115Cd values for EP-1V are assumed to be 0.40; loss of Hy precluded direct
calculation in all but the second EP-IV sample for which a value of 0.36 may be
calcul>ted; for EP-V 115Cd values are based on amount of H> in each sample.

PEWEE 1

The next reactor that was built and tested was Pewee 1. Althongh considerable work conceming
fission product retention was done, we have not yet located the reports containing the detailed
information. Samples of the radioactive effluent from Pewee 1 were collected from the exhaust
plume just above the nozzle at five times duri.ig the full-power test of the reactor. The fractional
release rates of isotopes 895r and 132Te are comparable to the rates observed during the test of
Phoebus 1B. Integral losses from the reactor were a factor of 5-10 lower than had been predicted
for the reported operating conditions of 2550 K fuei exit temperature for 40 minutes. This
suggests that the integrity of the fuel cladding in Pewee 1, which acts as a barrier to the escape of
most fission products, was significantly improved relative to past reactors like Phoebus 1B. Some
of the overall release values were 0.8% for 89Sr and 132Te, 0.3% for 95Zr, 99Mo, 140B2, and

141Ce and 3.6% for 1278b.11 Off-site radioactivity measurments for Pewee 1 are reported in
Reference 12.

As a part of the Rover/NERVA project, Westinghouse Astronautics Laboratory tested the NRX-
A6 reactor for a total time of approximatcly one hour at full power. This test provided good data
regarding fission product release. Measurements of 50 fuel element slices indicated a total gross
gamma inveniory release of 0.83%. The release fractions from the reactor were determined by

radiochemical analysis of the fuel elements using 137Cs as a reference nuclide. The fractional
release of each nuclide was calculated at each designated location in the core, and then summed to
give the total rzlease from the core.13 The predicted releases for the NRX-A6 reactor were
calculated by a computer code that was based on the value of the NbC diffusion constant. Tabls 7
provides a comparison between measured and predicted fission product releases from NRX-A6
fuel elements, and Table 8 gives a suramary of the predicted releases of iodine mass chains 131
and 135.



TABLE 7. Comparison of Measured and Predicted
Percent Release of Selected Fission Products from
NRX-A6 Fuel Elema2nts.

Percent Release Predicted
Nuclide Measured Upper Limit Percent
89Sr 2.9¢6 4.6 4.5
91y 1.67 3.6 5.6
957 0.34 3.1 0.18
lllAg 33.85 57.5 3s5.1
11Smcy 51.59 52.9 §3.5
i32mg, 20.13 22.3 0.10
131} 0.64 5.2 2.7
137¢ 0.00 0.00 2.9
140p 5 0.96 2.9 3.5
Hd4lce 1.56 7.2 1.1
144c, 1.29 3.1 0.08
Gross Gamma 0.83 3.2 2.2

TABLE 8. Predicted Percentage Release
of Todine Activities of the Mass Chains
131 to 135 from NRX-A6.

Mass Chain Percentage Release
131 2.7
132 2.8
133 2.8
134 3.0
135 2.9

In addition to the Westinghouse fission retention measures, information regarding the release of
radioactive isotopes from the NRX-A6 reactor test can be found in reports of the U. S.
Environmental Protection Agency.14.15 These reports are based on data obtained from fission

product measurements of samples of air, water, milk, and vegetation in the area surrounding the
test site.

As noted earlier, an effluent cleanup system was used with NF-1. As the hot hydrogen left the
reactor, it was mixed with water to reduce its temperature as it entered the Effluent Cleanup System
(ECS). The H2-water mixture continued through a series of heat exchangers and gas-liquid
separators. The liquid water that was removed by the separators was directed to a waste-disposal
system. The hydrogen continued through a silica-gel dryer and heat exchanger into a cryogenic
charcoal bed, where practically all the remaining radioactive materials were removed, and was
finally exhausted to the atmosphere. 16



During the NF-1 test series, experiments were performed to evaluate ihe ability of the low-
temperature charcoal trap in the ECS to remove radioactive rare gases from the effluent. The
results of these experiments were: 1) when operated at the proper temperature, the charcoal trap
removed both radiokrvpton and radioxenon from the gas stream; although 2) the dynamic
adsorption coefficients for krypton on activated charcoal as measured in these experiments were
less than those reported in tae literature for krypton adsorbed from helium; 3) the number of 89Kr
atoms entering the charcoal trap as measured by the experiments agreed with the value derived by

other methods.16

Fission product retention values for NF-1 were obtained by measuring the activity due to the
fission product of interest relative to a nondiffusing mass chain. For the NF-1 reactor the mass-935
chain was used as the nondiffusing standard. The mass-131 and -140 chains were measured with
gamma-ray spectroscopy techuniques before the fuel element wafers were dissolved. The results
are shown in Table 9 which lists mass-131 and -140 retentions as a function cf axial location.
After the wafers were dissolved, the mass-89, -91, and -140 chains were measured by

radiochemical analysis. These result are shown in Table 10.16 Reference 1 contains tabulations of
calculated and measured retention values for the NF-1 runs. Predicted retention of ten high-yield
mass chains for the planned NF-2 runs (which were not done due to program termination) showed

that only 57% of ihe invertory would be retained. 18
TABLE 9. 131] and 140B5 Fractional Retentions by Gamma-Ray

Analysis.
Eractiopal Retention
(a)Element 62537, Location Element 93442, Location Bll
D38

Station(b) 131y 1408, 1315 14038
3.25 .- cee .ne
10.25 1.001 1.003 0.987 0.999
28.25 0.602 0.887 0.569 0.729
29.258 0.594 0.726
41.75§ 0.294 0.683 0.466 0.835
§1.25 0.167 0.799 0.418 0.630

(a) The elements that were analyzed are identified for serial number and
location in the reactor.
(b) Values denote inches from the coolant inlet end of the fuel element.

TABLE 10. 89sr, 91y, and 140Ba Fractional Retentions by Radio-
chemical Analysis

Station 51285
Element 896r Fractional 1404, Fractional 91y Fractional
Location Retention Retention Retention
D38 0.289 0.728 -
Bil 0.444 v.622 0.636
C2s 0.361 0.721 .-

As part of the study of fission product retention in composite fuel, non-reactor, pre-test
experiments were conducted with the fuel elements. Studies indicate that the actual release of
fission produ-ts during a reacior test occur in several steps. The rates at which these steps occur
are a function of the temperature, the gas pressure, the chemical nature of the fuel (e.g., the
uranium loading), the fuel element coating, and other unidentified factors. Thus it is not possible



to predict in detail whih fuel elervent will r=tain what fission product best. Therefore, the
compositon of the fusl elements used 10r pi2-test experiments was variec in order to obtain a
greater range of fission product release data. The effect of variations in compositon is illustrated
in Table 11. It is noteworthy that the low-carbide materials release 1311, 133, and 132Te more

rapidly while the high carbide materials release 143Ce and 147Nd more rapidly.19

TABLE 11. Fractional Retention of Fission Products in Several
Composite Fuel Materials Following High-Tempe-ature Anneals.

Material t(veol. X carbide wrapium content {mgcc)
Isotope
Measare Heated at 1972 K for 1000 min or 1500 min
89.91¢, .72 .75 .56
1275. .89 .79
1327, 17 .70 .97
131,133 .95 .63 €7
133.13% .86 .82 .83
Xe
110g, .83 .8y
H | 2300 K _for S0 mi
$9.9%1¢, A} .62 < .72 .48 > .47 .58 .63
128 .66 < 31 > .68 .90
1276y 8. &8 .29 44 62 9 64
13271, 47 22 .80 %0 > 8% .90 .92
131,133 26 .\ 40 K} | > .3 .81 .83
133.13¢ £s .62 46 43 > .40 47 47
Xe
1408, 47, 76 .86 < .78 .81 > .82 .6} .64
141,143, .97 .98 .04 .71 17
144C¢
14704 .99 1.01 .61 .68 17
Heated at 260€ K for €A min
89.91g, .26 18
12854 3
127gy 30
1327, 04 16 Ny
131133 .08 .09 17
133,138 .18 .07 .08
Xe
1‘6" 17
143¢C ¢ sS4
1474 g §



In addition to the study of the effect of composition, there were pretest experiments that varied
the axial temperature profile, the coating of the fuel elements, and the gas environment. Fission
product retention for mass chains 89, 131, and 140 have been calculated on the basis of power,
temperature, and time. Table 12 summarizes the fractional retention of these three isotopes,
tabulated according to approximate maximum fuel element temperature and corresponding axial

location. !

TABLE 12. Caliculated Retention of Selected Fission Products as a
Function of Fuel Element Temperature

E ional R .
Fuel Element
Temperature, Station,
K Inches 89¢, 131 140g o
2444 3é.2-52.0 0.187 0.482 0.743
2333 34.9-36.2 0.366 0.630 0.795§
2222 31.8-34.9 0.580 0.783 0.84¢
2111 29.2-31.8 0.762 0.897 0.879
2000 26.8-29.2 0.882 0.959 0.910
1889 24.7-26.8 0.948 0.985 0.93¢6
1778 22.7-24.7 0.980 0.99S8 0.95%7
1611 18.9-22.7 0.996 0.998 0.978
1389 0.0-18.9 1.000 0.999 0.993

The effect of ZrC coating on the composite fuel elements was analyzed by mechanically
removing the coating from all surfaces of several fuel elements and comparing the release of the
fission products from coated and uncoated fuel elements. As expected, there was a generally
enhanced release from the uncoated material compared to the coaied material. Unexpectedly the
release of Ce and Nd was lower from the uncoated material. Table 13 summarizes the effect of

ZrC coating on fission product release from composite fuel. 19

TABLE 13 FProctiens! Retention of Fimsion Preducrts in 2rC-Costed snd Uncanted "Compenite” Fuel Materials. Nete the
porticuierly larp: effects of conting em SO, Te, and I

Eme. “daserinl Dxactisnal Retcation of
Temperetore w Time Cortide Lrociom
s {mie) (vl &,  (mgcc) Clsd Sr 113 Te 1 Re Be Ce N
1972 800(1800) 0 1y Yo se .79 ] 1?7 .03 89 .00 R4
1972 300 40 14 L] 2 .87 70 T .99 .68 .0 1.0
2300 20 20 e Yoo 38 .38 .49 . .82 .47 ) Rl
2300 20 20 70 NO 28 03 .08 .00 .30 .39 10 -
2300 20 40 r? Yoo [ 2} - 22 .88 .47 .04 17 .17
2300 0 a0 7 o (1] B .04 " .29 .80 .98 .00
2009 0 20 191 Yoo 2¢ - .08 10 14 - - -
2908 ®© 28 70 wo 00 <« 08 07 .03 .92 .04 A -
2009 80 0 r? Yos 0 30 (1] 14 [ 1) 1" .84 .8
3408 0 40 17 "o « 2 « 01 2 08 .04 08 .87 [ B}

Lastly, fuel elements were tested both 1n 1 atmosphere of helium and in vacuum. The presence
of gas in the pores of the composite material and in the space around the material may be expected
to appreciably affect the fractional release of fission products. The effect of pretest heating of fuel
clements in a vacuum compared to heating in one atmosphere of helium was measured using a half
inch slice of 20 vol % carbide matenal at 234X) K. The results are summarized in Table 14. A very
definite effect was noted for Ce isotones, while only small effects were found for other isotopes
(the difference in time at temperature mu * be taken into account in comparing the fracuons retained

for the two samples). 19
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TABLE 14. Effect of Heating in Vacuum as Opposed to Heating in
Helium on Retention of Fission Products in Composite Fuel Material.

Heating Eractional Retention of:
Temperature Time
(K) (min.) Atm, Sr Sb Te 1 Xe Ba Ce
2300 30 Vac. .31 <.05 .07 .11 .44 .33 .86
2300 50 He .28 .05 .06 .08 .36 39 1.0
1994 30 Vac .32 .65 .93 .87 .90 .45 .99
1972 500° He .55 .57 .78 77 .17 .66 99

*The fourth sample was 40 vol% carbide; the first three were 20 vol % carbide.

Comparing the NF-1 and iaboratory data for composite fuel fission product release with the
results obtained for bead-loaded graphite in the preceding five reactors, a much larger fission
product loss from composite fuel is noticed. It seems clear that the pyrocarbon coating of the beads
was a very effective barrier to fission product diffusion for the time and temperature of the reactor
tests, while the composite fuel matenal is less effective. However, this conclus::»n must be
tempered with a realization that the total duration of the NF-1 tests was nearly a factor of two
greater than NRX-A6 and much longer than the tests of earlier bead-loaded reactors.

On the other hand, the composite fuel is clearly superior in corrosion resistance and its enhanced
time-temperature capability compared to bead-loaded graphite fuel will provide extremely important
improvements in mission performance. Therefore, we must plan to conduct both ground testing
and flight operations of nuclear rocket engines so that safe and successful operation can be
achieved even though an appreciable fraction of fission products leave the fuel.

With respect to testing, the successful operation of the NF-1 effluent cleanup system!7 provides
a model with direct application to fuel element demonstration testing, which can be done
economically in a nuclear furnace or similar reactor and indirect application to larger scale cleanup
systemns for flight prototype testing. Preliminary studies were dciic during the Rover program of
cffluent cleanup systems for Pewee and NERV A size systems. Rover Progress Reports such as
LA-4779-MS, LA-4854-PR, LA-4922-PR, LA-4997-PR, LA-5054-PK, and LA-5133-PR briefly
describe the design and development work on a Pewee effluent system, while the NERVA study,

by the Aerotec Division of Universal Oil Products, is mentioned in LA-3962, LA-4012-MS and
LA-4071-MS.

Obviously, considerable work will be necessary to design the best facility configuration for
ground testing of nuclear rocket engines, but the Rover test program will provide a very strong
foundation for this effort just as it does in many other areas of nuclear rocket technology.
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