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SUMMARY

Part 1. Investigations in Support of the Experimental
Gas-Cooled Reactor

1. Performance Analyses

Efforts to correlate data based on the Hanford exposure unit (Mwd/At)
for the exposure and shrinkage or growth of graphite with an appropriate
flux unit to make the dimensional changes independent of the reactor type
resulted in a chaﬁge of the conversion factor. A lower threshold was
found to be more reasonable and the resulting exposures were 40% lower
than calculated previously for the 20-year design lifetime of the EGCR.
Based on a duty factor of 0.8, the 20-year exposure at the position of
average power density is 34,300 Mwd/At. At the peak power position, the
exposure is 74,000 Mwd/At in 20 years at a duty factor of 0.8. A lower
" duty factor would, of course, lower the exposure. The graphite tempera-
ture at the peak exposure position was estimated to be 680°F.

The predicted fission-product activity release from the EGCR fuel
pellets was recalculated based on data from low-burnup irradiation tests
- of prototype EGCR fuel elements with thermocouples for central UO; measure-
ments. The peak central UO, temperature was found to be only 2390°F, the
apparent diffusion coefficient was much less than originally assumed, and
the fission-product-release rate was a factor of 200 less than previously
prédicted. The predicted equilibrium total activity release based on the
test data is 380 curies. The EGCR coolant system shielding is designed
for 1000 curies of fission products with an effective gamma energy of
1 Mev per disintegration.

The temperature distribution to be expected in the graphite surveil-
" lance specimens in the EGCR was calculated. The specimens will be ir-
radiated in a fuel channel with a local power level of 1.25 times the
average -and will then be removed to determine whether any physical changes
have occurred. The temperature distribution data will permit correlation
of the specimen properties with changes to be expected in the moderator

blocks.



The number of fuel element failures that would result from the maxi-
mum credible accident was recalculated. A refined calculational proce-
dure was used, and the analysis was extended in time‘to approximately
3 min. The fractional-life technique used resulted in én increase in the
number of failures to 751. Since the cesium-rubidium isotope will not
exist in the maximum quantities in all locations, as was assumed, it seems
likely that the number of failures would actually be much less than 751.

The EGCR graphite oxidation code was used for the calculation of
hydrogen generation rates in accidents involving an internal rupture of
a steam generator. Both overpressurization and depressurization accidents
were considered. The conditions necessary to prevent hydrogen flam-
mability in the event of either accident were then established.

Experiments were conddcted to determiné the source-neutron multi-
plication of EGCR fuel assemblies under conditions which might exist in
transportation and storage. It was found that 28 assemblies arranged to
yield maximum nuclear reactivity could not be made critical when water-

moderated and -reflected.

2;' Component Development and Testing

Plow tests were continued with the fuel channel top and bottom dum-
mey assembly. An adjustable orifice for the bottom dummy was developed
that provides the flow control needed.

Venturis for EGCR instrumented channels were tested. It was found
that minor variations from design dimensions had insignificant-effects
on. the measﬁrements.

Fabrication work on the instrumented fuel assemblies for the first -
core loading of the EGCR continued. Many dimensional measurements are
being made and recorded for use in later comparisons.

The facility for testing the EGCR prototype control-rod drive was
completed and placed in standby condition. Operating procedures were
prepared. '

Work continued on the fabrication of the main éoolant blowers and
the pressure—vesselAcooling-system compressors. Delivery of the first

blower is expected in September and the second in November 1963.
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The thrée bottom in-pile loop tees and the tee for the emergency cool-
ing loop were received and are being installed. Work is under way on the
top tees and closures.

Stainless steel baked at 500°C in helium containing fission products
was successfully decontaminated with hot oxalic acid solutions containing
fluoride and hydrogen peroxide and with steam spray techniques.  Carbon
steel similarly contaminated was decontaminated by blasting with a steam

jet into which an oxalate-citrate-peroxide solution was aspirated.

3. Materials Development

Several standard ORR poolside irradiation capsules containing EGCR
production-quality UOp pellets were fabricated for testing in the ORR
poolside facility, and a roughened surface fuel element designed to op-
erate at an estimated power output of 65,000 Btu/hr-ft was fabricated
for irradiation in ORR loop No. 1. The roughened-surface element has a
shroud that is instrumented to measure the pressure arop across the ele-
ment length.

Components for 20 instrumented EGCR fuel assemblies are being fabri-
cated. The U0z bushings to be used were sanded lightly on their end faces
to increase the land width. The bushings are slotted to receive cladding-
inner-surface thermocouples. Special attention is being given to the '
production and inspection of the assemblies, and records are being kept

for comparison after irradiation. An ultrasonic testing technique was

~developed that is capable of determining unbonded areas approximately

1/32 x 1/16 in. in the thermocouple-to-tube wall brazed joints.

The oxidation behavior of nitrided type 304 stainless steel under
BEGCR operating conditions was determined to be a direct function of the
thickness of the oxide layer in experiments run to examine the properties
of the nitrided surface layer being applied to the nozzles of the pneuma-
tic temperature measurement system of the EGCR. The experiments showed
that the surface propefties of the nitrided case tended to change to
those of an oxide film and to become increasingly susceptible to dimen-
sional change. Nitriding might therefore have a detrimental effect on

the stability and reliability of ‘the nozzles.
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A surveillance testing program for monitoring changes in EGCR modera.-
tor graphite was planned. Test specimens are to be placed in appropriate
core positions. The surveillance program provides for the removal and
tésting of 21 sets of specimens over a 20-year period. The specimens ré-
moved will be tested to determine the room-temperature tensile properties,
irradiation-induced creep, oxidation rates in air, thermal expansion,
thermal conductivity, and stored energy. ,

Postirradiation examination of EGCR fuel bushings indicated a tend-
ency tdward chipping and cracking at the edges formed by the end faces
and outer cylindrical surfaces. Severe out-of-pile quench tests indi-
cated deterioration along the outer cylindrical edges which progressed
with the number of quench cycles. This deterioration resulted in the
formation of ridges and protrusions in the ciadding and elongation of
the cladding. The behavior of the bushings was attributed to axial com-
pressive loading during the thermal quench. . Removal of‘axial'restraint:4
drastically reduced the damage noted. Close examination-of the EGCR bush-
ings revealed that the end face dishing extended to the outer cylindri-
cal surfaces, markedly reducing the expected 0.050-in. land. Light sand-
ing of the end facésvproduced.the desired landé and reduced the tendency
of the bushings to chip. Modifications were therefore made to the: vendor's.-
dies to produce bushings with a uniform 0.025- to 0.050-in. land. Tests
indicated that the modified bushings did not chip under high axial com- -
pressive loadings. It was decided to load the remaining EGCR elements
alternately with modified and original fuel bushings. As of March 1,
1963, the Laboratory had received and accepted 756 EGCR fuel assemblies
from the Westinghouse Electric Company, Atomic Fuel Department. ' W,

Arrangements were made for the dissimilar-metal welding required in
the HEGCR primary cooling system to be ddne by Laboratory personnel.

Radiographic and phase-sensitive eddy-current techniques were found'
to be effective in detecting voids, cracks, and laminations in extruded
graphite cylinders.  Pulse-reflection and through-transmission ultrasonic

techniques were not usable.

~
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4. JIrradiation Testing of Components and Materials

Eight instrumented fuel elements have been operated in GCR-ORR loop
No. 1 in the power range 21,000 to 42,000 Btu/hr-ft. Two of these ele-
ments are now known to have leaked during irradiation; however, the radio-
activity in the piping was not great enough to be detected by radiation
monitors sensitive to 1 mr/hr measured at pipe-wall contact. It appears
therefore that leaking, ruptured, or ventilated elements may constitute
a much smaller problem than supposed earlier.

Fuel elements with roughened surfaces have also been tested. Such
elements are of interest for the second core of the EGCR. The roughened
surface significantly improved the heat transfer.

Capsule E-8, which contains EGCR prototype-diameter fuel pellets
and which was irradiated with a cladding surface temperature of 1600°C,
was discharged from the ETR. This capsule will be compared with capsules
E-6, E-1A, and E-4. Irradiation of ten capsules is continuing. Capsules
03-6, 05A-6, and 06-A were discharged from the ORR.

Examinations were made of capsules 02-5 and 07-5, which were ir-
radiated about 5 months in the ORR poolside facility at an average clad-
ding temperature of 1400°F. The capsules contained EGCR prototype di-
ameter U0, pellets. There were several failure areas in the cladding -
and the pressure-transducer capillary tubing. The UO; pellets, which
wére taken from production runs, were severely fractured.

Two capsules fabricated by the French Commissariat a l'Energie
Atomique were examined that had been irradiated in the ORR poolside fa-
cility. These thin-walled (0.01l2-in.-wall) type 347 stainless steel-
clad capsules contained solid UOp pellets. The dimensions of the cap-
sules did not change during irradiation. Columnar grains and lenticular
voids were found in the central region of the fuel column in one capsule.

Metallographic examination of ETR-irradiated capsule E-4 showed re-
sults similar to those reported previously for capsule E-1A. Both these
capsules fractured during irradiation. The two major causes of the fail-
ure appeared to be embrittleﬁent of the cladding by nitride formation
from nitrogen in the fuel and overheating of the U0z fuel during irradia-

tion. There was no evidence of cladding failure in the preliminary
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examination of capsule E-6, which was similar to capsules E~4 and E-1A.
FPission-gas release was comparatively high, and there was appreciable
cladding distortion.

Fission-gas-release studies were continued with thin-slab specimens
of single-crystal UQp. Reduction of the fission-gas-release rate with
time was observed, and the influence of the production rate on the re-
lease rate was determined under steady-state cohditions.

Work continued on the preparation of specimens for the EGCR pressure-
vessel surveillance program. In accordance with ASTM Tentqtive Recom-
mended Practices, specimens from a "reference plate” of ASTM A-212, grade
B, steel will be included in the surveillance tests. Specimens from this
plate are included in a number of irradiation tests being conducted at '
vafious~sites._bFurther examinations Weré made of surveillance specimens‘
from the SM-1 reactor. Metallographic examinations revealed the same
fracture mode for irradiated and unirradiated specimens for the same

fracture energy.

Part 2. Advanced Reactor Design and Development

5. Development of Fueled-Graphite Bodies

Comparison of crushing strength with in-pile performance has shown

a direct relation between the number of cracked Cbated particleé found
after irradiafion and the minimum crushing strength ﬁeasured for samples
from the same lot of particles. Monolayers of coated particles were
crushed under loads of 2,500 to 20,000 1b and then acid leached to re-
move the exposed uranium. The uranium recovered was less than that con-
tained in one particle 'until the load exceeded 10,000 lb.

| Tests were conducted for determining fuel migration in éoated fuel
-particles held at 1000 to 2000°C for periods up to 1000 hr. Measurements |
taken adjacent to the fueled particle and at pqints of farthest migration
in the coating showed wide variations. Some diffusion was apparent at
the fueled core-to-coating interfaces, but the fuel found at the surfaces
of both treated particles and the control samples was attributed to super-

ficial deposits from external sources.

#,
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Equipment for the deposition of pyrolytic-carbon coatings was in-
stalled, and a few runs were completed. Coating microstructures ranging
from laminar to columnar and combinations of these were prepared. Addi-
tional equipment is being installed for operation at temperatures up to
2000°C.

An apparatus for measuring the thermal conductivity of powder in a

controlled atmosphere wase operated at temperatures up to 820°C. Low-

temperature resulls agreed with literature values and were reproducible.

Adaptations are being made to the equipment to improve high-temperature
operation.

Two neutron-activation tests were made to obtain quantitative in-
formation on the release, transport, and deposition of 1131, Bal40, Sr89,
and Tel32 from uncoated UC, particles. The release rates for Xel?3 in.
helium at 560 and 790°C were high in comparison with the rates for dupli-
cate samples sintered in vacuum at the same temperature. The difference
is attributed to partial oxidation of the UC; to UO2. At 790°C, the re-

133 whereas only

lease rate for I'3! was comparable with that for the Xe
traces of I'3! were found at 560°C. The distribution of activities after

the 790°C test was plotted. Most of the Tel32 was found at a point which

was ~600°C during the test. The I'3! was first noted at a point operating
at ~440°C and displayed a maximum at 300°C. A theoretical explanation

for the 113! deposition was proposed.

Attempts to "isostatically" form fueled-graphité spheres with poly-
vinyl chloride gel molds were abandoned. Light cold forming followed by
isostatic compression was more successful. Experimental work is continu-
ing on the fabrication of dense high-strength graphite bodies by molding
and baking.

Evaluation studies of fueled graphite spheres from several vendors.
were continued. The specimens were visually examined, and the bulk den-
sities and net carbon densities were determined. Radiographic techniques
indicated deviations in the thicknesses of unfueled graphite shells. The
contained coated particles were examined by alpha counting, acid elec-
trolysis, and neutron activation. The uranium.contamination on the sur-

faces of the spheres was found to vary markedly within a given lot. The
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internal ‘uranium contamination resulting from defective coated particles
varied from 0.005 to 16.5% of the contained:uranium. High Xe'?? rates
were found to be associated with high values of internally exposed ura-
nium. Chlorine gas treatment of the spheres at 800 to 1000°C was found
to be partially effective in removing exposed uranium, and additional
experiments are in progress to improve the effectiveness of this treat-
ment. Metallographic examinations were performed to determine distribu-
tions of coated particles, quality of bond between matrix and particles,

and the structure of the graphite matrix.

6. Investigations of Fueled-Graphite Systems

The incidence of failures of coatings on uranium carbide fuel parti-
cles in experiments MIR-48-6 and ORR-08-5 were 10 and 16%, respectively,:
as determined by metallographic examination. Appreciable fractions of the
uranium-thorium fuel in the MTR-48-6 specimen had migrated from the fuel
specimen to the -surrounding graphite sleeve.

- Uranium carbide fuel particles of the same size but fabricated by
two manufacturers were irradiated in capsules 01-5 and 08A-5. Postirradi-
ation examination showed the fuel pellets from the two capsules to be
quite different. All pellets in capsule 01-5 were fractured, and none of
those in capsule 08A-5 were fractured. There were small dimensional in-
creases in both cases.

Uranium carbide fuel particles with columnar, duplex, and laminar
coatings were examined after irradiation in the facility for studying
instantaneous fission-ggs reléase. These particles were not incorporated
into & graphite matrix. The irradiation effects on the columnar and lami-
nar coatings were comparable in that 2 to 5% of the coatings cracked at
burnups of up to 15 at. % uranium. The duplex coating, on the other hand,
exhibited superior performance, even up to 30 at. % uranium burnup. Thie
was especially noticeable during irradiation, because the fission-gas-
release rate from the duplex coating was much lower than that from the
other coatings. These findings indicate that the percentage of broken
particles in a capsule can be accurately predicted from the fission-gas-

release rates during irradiation.
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Group VI irradiation experiments in the ORR poolside facility were
continued. Fourteen specimens are currently being irradiated. Modifica—'
tions were made to the facility that included changing the capsule mount-
ing rigs to accommodate the larger capsules housing the graphite-matrix
fuel specimens and relocating the capsule weight-loading points to relieve
the forces on the capsule-positioning mechanisms.

Test assemblies are being fabricated for irradiation of fueled spheres
in GCR-ORR loop No. 2. The experiment is designed for ascertaining the
effects of nuclear heating on fueled-graphite spheres exposed in a con-
figuration in which the heat transfer is nonuniform and in which four
spheres are held in straight-line contact. A secondary purpose is to
study the deposition on the loop surfaces of the fission products that
may be released from the spheres.

Fission-product transport and deposition in coolant circuits are also
being studied out of pile in a forced-circulation loop at BMI. In this
loop, helium heated to 1200°F is passed over a preirradisted uranium car-
bide fuel specimen at 1800°F and then over simulated reactor cooling system
components. Following completion of a test run, the loop is dismantled
and the fission-product contamination on the type 347 stainless steel loop
tubing is determined. The initial test was completed and the data were
correlated with analytical relations. The agreement was considered to be
reasonably good. Samples of three portions of the test-loop piping were

taken for decontamination studies, and it was found that oxalate-peroxide
‘ solutions were satisfactory for this purpose. Other reagents and a steam
spray were also used successfully.

Two methods for determining the form of the radicactivity in the gas
circulating in the BMIL loop were investigated. In the first method, dif-
fusion coefficients for fine particles and for radioactive vapors, such
as iodine, were determined by measuring the distribution of radioactivity
of the walls of a channel previously exposed to gas carrying radioactive
materials and flowing under laminar conditions. This method was applied
to the problem of removing millimicron-diameter radicactive particles from
air streams. 1In tests using I131.1abeled Al,03 particles with a nominal
diameter of 0.004 o, high-efficiency, low-pressure-drop particulate filters
exhibited an efficiency ranging from less than 10 up to about 75%. With
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activated-carbon beds 0.75 in. deep and 6 X 16 mesh, iodine-vapor removal
was essentially complete, but the removal efficiency for 0.003- to 0.006-u
particles was observed to be only 75 to 90%, the higher efficiency being
associated with the finer particles. Similar tests were carried out using
fog condensation and foam encapsulation to remove millimicron-sized parti-
cles from air. In these tests removal efficiencies of 85 to 99% were ob-
served. '

Iﬁ the second method for measurement of the characteristics of radio-
active aerosols, fibrous filters were used to measure aerosols in terms of
their response to the processes of inertial impaction, interception, and
diffusion under carefully controlled conditions. A filter was developed
that has a uniform fiber diameter to permit theoretical analysis and a
layered structure to facilitate separation of the fiber bed into discrete
layers for radioassay after exposure to the aerosol. Preliminary results
with a radioactive aerosol of 0.004- to 0.03-u particles containing Zn®?
indicate that the techniques used are satisfactory and should provide use-
ful information on aerosol character and on filtration mechanisms.

Specimens'of type 347 stainless steel, Croloy, AZOT graphite, and
silver were exposed to fission products ‘in the purge-gas stream from ex-
perimental assembly MIR-48-6. Upon removal from the reactor, the specimens
were leached in niﬁric acid and the solute was analyzed for the common fis-
sion products. Silver retained the most fission products, and type 347
stainless steel retained the least.

Three experiments were conducted in the ORR to study the release of
fission products that would occur in a reactor accident in which air be-
came admixed with the helium coolant. In these in-pile experiments,
pyrol&tic-carbon-coated uranium dafbide particles in a graphite matrix
were exposed to air during high-temperature-operation in the ORR and par-
tially burned. Approximately half the specimen was consumed in the 15-min
period of burning, during which the temperature reached 1400°C. Radio-
chemical analysis showed that if combustion of graphite-uranium fuel oc-
curred in a reéctor accident under the conditions of these experiments,
all but a small fraction of the strontium, zircgnium, barium, cerium, and

uranium would remain in the vicinity of the fuel, and significant amounts

N
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of iodine, tellurium, and cesium would be released. The release of ru-
thenium was variable. The association of-a disproportionate amount of
the uranium with the unburned fuel indicated that the uranium-lean part
of the specimen burhed preferentially.

Coated uranium carbide-fueled particles from lot 3M-117 were eqused
Lo steam-helium mixtures having a partial pressure of steam ot 355 or 635
mm Hg - at temperatures from 800 to 1100°C. ' The rate of reaction of the
pyrolytic-carbon coating with steém and the integrity of the coating after
the steam lreatment were determined. Good protection of the core by the
coating was observed at 800°C for an exposure of 4 hr to a partial pressure
of steam of 355 mm Hg. Drastic attack and high incidence of failure of

the coatings was found at 1100°C for a l-hr exposure to a partial pressure

of steam of 635 mm Hg. Less extensive damage was observed at 900 and

1000°cC.

The rate of diffusion of thorium in pyrolytic carbon was studied at
1900°C by a new technique of sample preparation. The samples were square
coupons of pyrolytic carbon with an infinitely thin layer of thorium placed
by bombardment with Th++ ions in an electromagnetic separator. At 1900°C
an average value of the diffusion coefficient of 5.47 X 10711 cm?/sec was
obtained for diffusion along the o diréction.

Studies of the rates of migration of urahium from uranium carbide
through porous graphite were initiated to provide information for the de-
sign of reactors employing fuel elements comprised of uncoated and coated
fueled-graphite bodies. ©Some experimental results were obtained from
couples of a furfural-impregnated graphite and an unccated graphite matrix
containing 25 wt % uranium carbide. The results indicated that the pene-
tration of uranium was much faster than that expected for solid-state mi-
gration. In addition the results suggest that there is an additional
source of uranium within the couple beyond the interface. Such a source
could presumably originate from pore and surface effécts coupled with ad-
sorption-desorption phenomena in addition to solid-state migration. It
thus appears that the mechanism of uranium mass transfer is complex and

associated with the graphite structure.
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In decontamination studies, treatment with 0.4 to 0.5 M oxalidfacid
or oxalate salt solutions containing 0.1 M fluoride and various amﬁﬁnts
of hydrogen peroxide was found to be satisfactory for removing 1131 and
Tel32 deposited at 800°C and below from helium onto type 304 stainless
" steel pipe. The pipe héd been contaminated from heated, irradiated UC;
and UOs. Resistance tp decontamination was highest in the high-temperature
zone where some metal oxidation had occurred because of slight inleakage
“of air. Decontamination was much easier where the metal was unoxidized

and the temperature had been lower.

7. Clad Fuel'Developmént

Irradiated fuel rods containing vibratory compacted ThO;-UOp were
examined. The fuel was clad with type 304 stainless steel and tested in
the ORR poolside facility at 1000 to 1300°F. Although there was some di-
mensional distortion of the élement, no distinct fuel shifting was indi-
cated. A

Thermal and pressure cycling tests of simulated fuel elements showed
that interactions of fuel and cladding coﬁld result in strains sufficient
to rupture the cladding. " The problem of circumferential ratchetting could
be the limiting factor in the use of thin-walled cladding.

In-pile stress-rupture tests of British stainless steel tubing indi-
cated ‘a slight loss in strength at 650°C and no effect at 750°C. This
tubing was fabricated from 25% Cr-2Q% Ni material stabilized with 0.6% Nb.
The éverage strains at failure were 30 to 50% lowér in-pile than out of
pile. Failures of several specimens at or near the end welds indicated
possible irradiation-induced embrittlément. ‘

Air-melted type 347 stainless steel and air- and vaéuum-melted type
;304 stainless steel specimens are being irradiatéd at temperatures from
150 to 815°C to total neutron doses of 10%° to 1021 neutrons/cm?. After
irradiation, tensile tests will be performed under various conditions. .

The wetting behavior of several liquid metals and alloys on beryllium
in argon and in vacuum were determined. These tests are being made for
the selection of a brazing alloy for Jjoining beryllium. ‘ ;

MEtaliographic examinations of welded joints of ferritic steel to

austenitic stainless steel indicated that the carburized zone of the
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austenitic matérial demonstrated carbon migration. The addition of a
carbon-forming element to the ferritic material did not change the over-all
carbon diffusion from ferrite to austenite.

The thermal conductivity of UOp was measured at temperatures up to
approximately 1400°C after modifications were made to the system to extend
the operating temperature. The data indicate the existence of a heat-
transfer mechanism above 1200°K that is more powerful than internal radia-

tion.
]

8. Investigations of Modcrator Materials

Tensile and compressive tests were conducted on various grades and
extruded sizes of graphite. There was much scatter of the data for large
extrusion sizes. Some resistance.to crack propagation was noted.

An in-pile creep experiment on graphite at approximately 450°F and
a neutron flux (>0.2 Mev) of about 1 x 10*7 ﬁeutrons/cn?-hr indicated
that a successful method Cor measuring in-pile creep has been devéioped
and that the creep of graphite both in pile and out of pile is a linear
function of stress. Once it is established that a linear creep rate will
or will not be attained, Lhe stress levels will be raised to expedite
conclusion of the test.

Tests on the compatibility of type 304 stainless steel and graphite
in vacuum at 1000 to 1300°F indicated interdependence of contact pres-
sure and extent of carburization. Tesls were run using a high initial
test load followed by a lower load for the duration of the test to il-
Iustrate that the contact pressure causes permanent deformation that re-
sults in a greater effective contact area. The data obtained did not
confirm the hypothesis.

The rates of reaction of Speer Moderator-2 graphite with helium-CQ,
mixtures having CO; concentrations of 100, 300, 550, 1100, and 1800 ppm
by volume were measured at 975°C. The apparent order of the reaction
with respect to partial pressure of COp 1s less than unity over this
concentration range, but the precise fractional order has not been estab-
lished. The Burrell K-7 gas chromatograph was extensively modified prior
to these measurements in a partially successful attempt to increase the

stability of its output. The blank arising from contaminants in the
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helium stream was reduced by elimination of inleakage in the gas-handling
system.

The "dusty-gas" model for gas transport through porous media was
theoretically extended to include the flow behavior of pure gases under
the influence of temperature gradients, and exploratory experiments were
conducted for studying the phenomenon. Investigations were completed on
the flow characteristics of stratified graphite, and no deviations at-
ﬂribﬁtable to the inhomogeneity of the graphite were observed under the
conditions employed. | |

Studies are being made of £he stresses and distortions associated
with irradistion-induced changes in graphite. A generalized study ap-
plicable to all reaqtors cannot be made because of differences in fast-
neutron damage, but the results for specific cases will provide a guide
for evaluating the geometry effects for other applications. V

The tensile strength of graphite and the fracture elongations are
low when compared with the stresses or total strains to be sustained by
graphite bodies used in nuclear reactors, and calculations indicate that
fracture of theée bodies will occur during service. Eiperimental and
analytical studies are therefore under way for establishing adequate. de-
sign‘criteria for. graphite components of reactor cores.

Two additional tests were completed in the investigation of the re-
actions of hydrogen, graphite, and metals at high temperatures in auto- -
claves. Type AGOT graphite, specimens of type 304L and 310 stainless
steel, Inconel, and a control specimen of 19-9DL steel were used in both
tests, which were conducted at 1500°F for 1000 hr with a hydrogen pres-
sure of 850 psig. Analyses of the hydrogen during the tests showed a
steady increase in CH, concentration.

Studies of the behavior of beryllium oxide compacts under fast-
neutron irradiation were continued. Most of the changes in physical
pfoperties caused by doses in the range 1.2 to 3.65 X 1021 neutrons/cm?
at tem@eratures from 580 to 1100°C can be attributed to grain-boundary
separation. There is a correlation of the increase in volume of irradiated
sampleé with the degree of grain-boundary separation estimated from visual
inspection of photomicrographs of as-polished specimens. Hot—préssed

samples were observed to have undergone more extensive grain-boundary

-

~
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separation and greater volume increases than cold-pressed samples ir-
radiated under the same conditions. Expansion of the lattice parameters
is much less at températures above 900°C. The total volume increase of
irradiated samples 1s proportional to the lattice parameter expansion,
even though the increase in volume calculated from the lattice parameter
increases is only 4 to 8% of the total increase in volume. Gas analyses
indicated a loss of about 50% of the helium that was generated in BeO
exposed to high neutron doses (>3 x 10?! neutrons/cm?).

In BeO compacts exposed to low neutron dose at a very low temperature
(~100°C), grain-boundary separation is primarily caused by anisotropic
expansion of BeO crystals. - Presently available data are not sufficient
to determine whether this mechanism dominates at high temperatures and
high doses or whether helium pressure causes the grain-boundary separa-
tion under these conditions. Lattice-defect agglomefation and lattice
parameter expansion both‘contribute to a preferential growth in the di-
rection of the c-axis. Measurements of the lattice parameters and den-
sities of single-crystal specimens included in statistically designed
experiments now in progress will permit the calculation of the volume
increases caused by lattice parameter expansion and lattice defect ag-
glomeration. From these values and the measured volume increases of
corresponding sintered compacts, it may be possible to obtain a quanti-
tative estimate of the volume increases resulting from grain-boundary

separation.

9. Studies of Advanced Sysﬁems

The effects of feedwater temperature on performance of the GCR-3
power cycle were investigated in a parametric study in which the feed-
water temperature was varied from 93.6 to 533°F. There was a broad, flat
maximum in the efficiency and heat-rate curves between feedwater tempera-
tures of 350 and 530°F. The change in efficiency in this range was only
0.2% of 39%. This is a much flatter efficiency peak than is common for
conventional power plants. The economics also differ from those for a
conventional plant, and they too must be evaluated before the feedwater

temperature is established.
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A parametric study of a combined gas-turbine and steam-generator
power cycle was conducted that was based.on the GCR-3 and was designated
GCR-4. Heat balances were developed for feedwater temperatures of 96.1,
269.4, and 450.3°F, corresponding to O, 3, and 6 stages of heating. The
corresponding gas temperatures at the compressor suction were 375, 470,
and 550°F. Ten gas turbine and compressor arrangements were studied as
tofping cycles for the three steam generators. Based on these studies,
a system with a suction temperature of 470°F, a feedwater temperature of
270°F, a reactor exit témperature of approximately 1500°F, and a plant
designed for a tbtal electrical output of 1000 Mw was selected for further
study. '

Various coolants for gas-cooled regctors were compared on the basis
of the GCR-3 déesign. The coolants Hy, SiH,, CF,, SiF,, SFg, and CyFg
were all found to be superior to helium, with SiH,, SFg¢, and dgF6 being
best. It was also found that SO would be poor as a cooclant under these
conditions. The effect of adding neon to helium was also evaluated. The
saving required in the cost of the coolant to offset the increase in
pumping power was determined.

A study was made of thé heat transfer and fluid flow parameters for
the core of a pebble-bed reactor designed for operation.in the thermal
power range 2500 to 100,000 Mw. A radial-flow core was used for this
study, and it was assumed that a prestressed concrete pressure vessel
could be built to contain helium at 1000 psia.

Fuel-cycle costs and conversion ratios were also calculated fof
:large pebble-bed reactorsl The study showed that the optimum reactor
from an economic standpoint would have a conversion ratio somewhat greater
than 90%. A further study was made to determine the conditions that
would yield a hreeder reactor. It was found that a breeding gain would
be pbssible with little cost penalty for unit processing costs of the
order of $10 to $20 per kilogram of heavy metal.

- A study of fuel-management procedures for the German pebble-bed re-
actor is in progress. An attempt is being maede to achieve a high burnup
rate with fuel representative of that which would be used in a large

power reactor of the pebble-bed type. The fuel must meet the requirement

I



that there would be no reactivity rise in the event of an accident in
which steam entered the core. 4

An experimental program is in progress for examining the stress dis-
tributions around both radially and nonradially attached nozzles. The
information being obtained will be used in the design of nozzle attach-
ments to pressure vessels and in correlating theoretical methods for
cvaluating designs for nozzle attachment,

A study of neutron captures in second- and higher-generation fission-
product poisons was conducted to establish the magnitude of the contri-
bufion of secondary poisons to the total neutron capture rate under con-
ditions of interest to the gas-cooled reactor program. The individual
contribution of each nuclide in the group ranging from Nal%® to Eul®®
was calculated and recorded. Data that are sufficient to show the sig-
nificance of the secondary captures and to illustrate their dependence

on key reactor parameters were obtained.

10, Ixperimental Investigations of Heat Transfer and Fluid Flow

The constants in the_equation correlating the heat transfer in a
seven-rod cluster geometry with the flow and the axial position were re-

determined using all available data. The resulting equation was

= 0.77 -0.15
Mg, x = 0.041 (NRe;X) (x/de) ,

for Reynolds moduli NRe,x in the range of 38,000 to 63,000 and axial posi-
tions x/d, (as measured from the nearest upstream obstruction) between 5
and 25.

The pressure-loss coefficients associated with rough surfaces were
determined in two long-rod clusters of somewhat different geometries. In
the first of theée, the mid-cluster spacer was omitted and the cluster
lengthened to provide an uninterrupted flow path of 85 diameters. Only
the reference smooth-tube_experiments were completed. The results in
the Reynolds modulus range of 20,000 to 80,000 suggest a sensitive de-
pendence on the inlet geometry. In the second arrangement the cluster
was approximately 60 diameters in length and was subdivided into five
sections by the mid-cluster spacers. Results obtained for Reynolds moduli
between 2000 and 200,000 with bare rods and rods spirally wrapped with
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0.006-in. wire on a 0.036-in. pitch showed the pressure-loss coefficient
for the rough sgrface to be consistently higher than that for the smooth
surface. The difference between the two was of the order of a factor of
2 for Ny > 10°.

The assembly of the apparatus and the installation and check-out of
instrumentation for the study of heat transfer from rough surfaces was
continued. Expefimental difficulties led to the termination of studies
of the transfer characteristics of rough surfaces by the naphthalene mass-
. transfer technique. )

An experimental facility was placed in operation for studying the
friction factor and heat transfer coefficient of air in an annulus with
a roughened inner surface and é smooth outer surface. The friction fac-
tor goes through a maximum as a function of roughness pifch at a constant
Reynolds nunber. '

The problem of "hot spots" in a gas-cooled bed-of fueled spheres was
studied. Factors relating to gas flow distribution, heat transfer, bed
movement, physics, manufacturing tolerances, and operation were defined
and estimated for a pebble-bed reactor. These factors were then combined
to give a maximum temperature allowance on the mean temperature rise
through the reactor; the .calculated temperature increment was 500 to
650°F. When a term was introduced to allow for the probability of oc-
currence of each specific factor and for the probability of adverse simul-
taneous occurrence of factors, the calculated temperature increment was
-reduced to 250 to 325°F.

The study of the .static and dynamic characteristics of a random bed
of 1 l/2—iﬁ.-diam graphite spheres within a full-scale model of the pebble-
bed core was continued. Measurements were made of the void fraction,
angle of sphere repose, gas velocity profile, pressure distribution, and
levitation velocity fof a number of differently tformed beds. Results on
the void fraétion for two beds created by injecting spheres singly at the
core top fell within the scatter band of previous measurements (0.401 + 2%).
In contrast, beds formed by levitating a previous bed showed an approxi-
mately 5% expansion (void fraction = 0.419). Data on the mean angle of
repose of the spheres on the upper face of the bed were in good agreement

with earlier results obtained before inclusion of the core model in the

-
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mockup facility. Experiments in which the spheres were injected against
a counterflow of air showed less scatter in the angle-of-repose data.

Friction factors were calculated from data obtained for the pressure
distribution in the various beds. An over-all factor, specific to the
geometry studied and based on the total pressure difference across the
bed, was found to be less than a more general factor characterizing fully
developed flow in a bed, ag calculated from the constant-slope portion
of the pressure-gradient curve. This resulted from the lower pressure
gradients in the inlet region of the core. Both the over-all and the
established-flow factors showed a —0.2 dependence on the Reynolds modulus
over the full range of the experiments (25,000 < NRe,p < 100,000). Fur-
ther, the friction factor did not appear to depend simply on the void
fraction; the existence of flow channeling in some of the beds was indi-
cated. The data are in good agreement with measurements obtained with
smooth plastic spheres 1n a smaller scale model.

Bed levitation phenomena were studied by observing the behavior of
the spheres on the top face of the bed, while the air flow was slowly in-
creased and decreased at a velocity near that required to levitate the
full bed. Levitation was characterized in terms of the ratio of the
pressure gradient across the bed to the bulk bed density (dp/pdz) rather
than in terms of the gas velocity. Thrce distinct phenomena were observed
as full levitation was approached: (1) rocking motion of é few spheres
at dp/pdz = 0.6, (2) spinning of spheres at dp/pdz = 0.8, and (3) physi-
cal lifting of some spheres at dp/pdz > 0.9. If the bed had been previ-
ously levitated, subsequent levitation was achieved at pressure gradients
equal to only 60% of the bulk density. OlLher indications of approaching
levitation were observed at correspondingly lower values of the pressure
gradient.

The gas velocity distribution at the exit face of the bed was deter-
mined by traverse with a hot-wire probe. It was observed that, -at any
given radial distance from the core wall, the local velocity varied sig-
nificantly with angular position. This was believed to reflect local
variations in the void fraction in the uppermost layers of the bed. Mean

values, averaged over the full 360-deg sector at any radial distance,
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showed the characteristic peaking in the velocity near the core wall re-
sulting from the higher void fraction in this region. Secondary maxima
were associated with channeling effects and with the shape of the bed top
and bottom faces. No significant effect of the bed average velocity on
the profile shape was detected. Prior levitation of the bed caused a
shift toward the core center of the velocity maximum occurring near the
wall and a flattening of the profile over the central region.

Development of an apparatus and technique for studylng mass transfer
from benzoic acid spheres within and in the wake of closely packed sphere
clusters was continued. Modification of the instrumentation used in deter-
mining local mass-transfer factors from spheres in ordered arrays was
completed. A solid replication of a random bed, formed by filling the
voids with a polymerizable resin, was constructed. This replication was
then sectioned into 3/4—in.—thick disks; photometric dehsity analysis of
x-ray photographs of these disks to establish the radial, axial, and cir-

cumferential void-fraction distributioh'was initiated.

11. PFacilities and Equipment

Installation of the in-pile section and the first experimental as-
sembly was completed, and operation of GCR-ORR loop No. 2 was initiated.
The experimental assembly is a low-power unit for determining the neutron
flux by the argon-activation technique.

Work continued on the development of gas-bearing compressors. The
regenerative grease-lubricated compressor in GCR-ORR loop No. 1 continued
to operate satisfactorily.

Development work was completed on the Greenbrier process chromato-
graph, which was adapted for analysis of radioactive helium samples from
GCR-ORR loop No. 2. The instrument is now in service. In measurements
at the 100-ppm concentration level, the reproducibility is better than
5 ppm for all components except hydrogen and better than 40 ppm for
hydrogen. ' '

Thermocouple materials are being tested out-of-pile under environ-
mental conditions approaching those conceived for a pebble-bed reactor.

In these tests, 25 types of wires, which are isolated from each other,
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. are being exposed to graphite and helium containing 500 ppm Hp and 500

ppm CO at two temperatures, 1400 and 1800°F. Of the nine wires checked
thus far after a 36-day exposure, only Chromel-A and type 347 stainless

“steel showed significant error at the lower temperature. At 1800°F,

however, all wires were in error except one with the composition 50%
Mo—50% Re. '

Metallographic samples were taken from sheathed Chromel-P-vs Alumel
couples exposed to .various atmospheres (CO, He, Ho). The changes in
microstructure revealed by photomicrographs corresponded with the tempera-
ture profile error curves. In each case emf peaks in the error curve oc-
curred. at the same geometrical location as the maximum oxidation on the
wires.

The spiral graphite furnace used to test tungsten-rhenium couples
in helium-CO atmospheres was improved by doubling the length of the heat-
ing section of the helix and thus producing a flat temperature zone for

the calibration of thermocouples. ~
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1. PERFORMANCE ANALYSES™

Lifetime Graphite Exposure in EGCR ~

A -\My Perry C. A. Preskitt

Several studies were performed during the past three years to pro-
vide information on the fast-neutron exﬁbsure accumulated by the EGCR
graphite during the 20-year design lifetime of the plant.~*Bo£h multi-
group one-dimensional and four-group two-dimensional calculations were
performed to study various aspects of the'exposu}e, for example, the de-
tailed neutron energy spectrum and the detailed spatial distribution of
the neutrons. Since the early experimental information on the correla-
tion between exposure and shrinkage or growth was based on the Hanfprd
exposure unit, megawatt days per adjacent ton (de/At), the need to use
this information resulted in the development of equivalent neutron flux
units. When correlated against the unit Mwd/At, the dimensional change
depends on the reactor in which the irradiation takes place, whereas,

presumably, if correlated against the appropriate flux unit, the dimen-

sional change is independent of the reactor type. Unavoidably the efforts

to establish an appropriate flux unit made obsolete the normalization of
some of the earliest work. In particular, the distribution shown in ref.

1 was based on the conversion

1 X 1020 neutrons/cm?® (E > 1 Mev) = 2300 Mwd/At,

2

which was estimated at that time. Subsequent investigations indicated

‘that a lower threshold was more reasonable, and this, together with more

detaiied calculations of the neutron-energy spectrum, indicated that the
exposures shown in ref. 1 are high by about 40%.
The conversion factor used in producing the exposure variations

found in ref. 3 was
1.23 X 1017 neutrons/cm? (E > 0.18 Mev) = 1 Mwd/At,
which is quite close to the current estimates, which lie in the range

1.25 x 1017 to 1.30 X 1017 neutrons/cm?® (E > 0.18). With these more re-

cent values for the flux-exposure conversion, the estimated exposure at
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the position bf‘aﬁefage power density in the EGCR is 42,900 de/At for
20 years of continuous full-power operation. If the conventional duty
factor of 0.8 is assumed, this is reduced to 34,300 Mwd/At at the average
position. Averaged over a period of time, the radial peaking factor
should be about 1.2 and the axial factor about 1.8 so that the peak ex-
posure position should accumulate an exposure of near 74,000 Mwd/At in
20 years at a duty factor of 0.8. 1In terms of flux units, this exposure
corresponds to 9.4 X 10?1 neutrons/cm2 (E > 0.18 Mev). If lower duty
factors result, the exposures will, of course, be reducéd proportionally.

An assessment was made of the correlation between exposure and graph-
ite temperature for maximum-exposure core columns in the EGCR. The loca-
tion of the column was not specified; it was assumed only that the chan- -
nel power would average about 1.2 times the mean channel power. The tem-
perature distribution given in ref. 4 was used to represent the axial tem-
perature distribution in.the column.. The result is. given in Fig. 1.1 .for.
20 years of continuous full-power operation. The maximum exposures may
be seen to occur~at positions in the . graphite where the températureais.in
the interval between 580 and 800°F. At the peak exposure position the
graphite temperature will be. about 680°F.. ‘

EGCR FissionaGas,Release Activity
G. Samuels
Calculations were completed to update the prédicted fission-product

activity release from the EGCR fuel pellets. The original estimates were

based on an apparent diffusion coefficient of 10-10 sec~l at 1400°C and &

10ak Ridge National Laboratory, "GCRP Quar. Prog. Rep. Dec. 31, 1959,"
USAEC Report ORNL-2888, p. 19.

2D. R. de Halas, Hanford Atomic Products Operation, personal communi-
cation to C. A. Preskitt, Oak Ridge National Laboratory, October 1959.

3L. E. Hulbert and R. F. Redmond, "Numerical Results for EGCR Modera- -
tor-Element Stress Problems,"” p. 67, USAEC Report BMI-1526, Battelle Me-
morial Institute, July 3, 1961.

4S, E. Moore and F:. J. Witt, Temperature Distributions and Thermal
Stresses in an EGCR Graphite Column, p. 38, "GCRP Semiann. Prog. Rep.
Sept. 30, 1962, " USAEC Report ORNL-3372, Oak Ridge National Laboratory.
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Fig. 1.1. Correlation Between Exposure and Temperature for the
Maximum-Exposure Column After 20 Years of Continuous Full-Power Opera-
tion of the EGCR. ’

an activation energy of 70 kcal/g.mole. The temperature in the U0z was
based on the thermal-conductivity measurements of Hedge and Fieldhouse?
and contact resistance between the U0, and the cladding equivalent to a
0.001~-in. gas gap. |

The results of low-burnup irradiation tests on prototype EGCR fuel

elements with thermocouples for central UO, temperature measurements have

consistently given an over-all equivalent thermal conductivity from the
center of the UO, to the cladding of about 1.7 Btu/hr-ft-°F. In these
tests the internal gas in the capsule was essentially all helium. Ap-
plying the thermal conductivity value obtained from these tests to the
maximum-power element in the EGCR, the peak central UO, temperature was

found to be only 2390°F.

5J. C. Hedge and J. B. Fieldhouse, Measurement of Thermal Conduc-

tivity of Uranium Oxide, Armour Research Foundation Report GO22D3 (1956).



6

The first'results of measuremgnts of the apparent diffusion coef-
ficient 6f EGCR fuel pellets showed the coefficient to be much less than
originally assumed. The results for three samples of one'batch of U0,
were 5.95 X 10714, 2.75 x 10~%4, and 2.78 X 1014 sec™! at 1400°C. With
such small diffusion coefficients, the amount of fission products leav-
ing the U0, will be less than 1% of that used in the original EGCR cal-
culations, and the dilution of the helium in the capsule will be negligi-
ble. Thus, the temperature in the U0, fuel should not change any appreci-
able amount during operation, and the central temperatures to be expected
should be those measured in the prototype in-pile tests.

In determining the quantity of fission products diffusing from the .
UOz, the fuel volume of the maximum-power element in the core was divided
into 40 equal parts, and the temperatures were determined for each part.
The elemeht was divided into eight axial and five radial sections, as
shown-in Fig. 1.2. The temperature difference between-the outer surface -
of the UO, and the..cladding was determined by assuming the contact re- -
sistance to be that equivalent to-'a.0.00l-in. gap of helium. The-tem=. .

perature difference between the inner U0, surface and the cladding was

determined by using an equivalent thermal conductivity of 1.7 Btu/hr-ft-°F.

__EE_EEIculating the intermediate radial temperatures, the UO, thermal con-
ductivity. and- the heat generation.rate. in:the UO,. were asgsumed:to be uni-
form. '

The equation for the diffusion of fission'products from the fuel,

assuming equilibrium conditions, is

e @ o (- 4.

where F is the fraction of the equilibrium quantity of a‘nuclide outside
the fuel, D/ is the.apparent diffusion coefficient, sec'l, and A is the
nuclide decay constant, sec™!., TFor the EGCR conditions, the value of D/
will be much smaller than the value of A for the nuclides of interest,

and the equation reduces to

- D/)1/2
pes (27

-t

o

L]

o
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Fig. 1.2. Temperatures of U0, in Maximum-Power EGCR Fuel Element.

Thus the activity released from the fuel is proportional to the VD’.
Assuming a D’/ of 5.95 X 10°% sec~! at 1400°C and an activation energy of
70 keal/grmole, the average value of VD’ for the maximum-power fuel ele-
ment is 4.4 X 1078, Using 1133 as an example, the activity release was
found to be 0.049 curies per element. The corresponding activity pre-

viously reported® for the EGCR was 10 curies. Thus the use of the latest

é"Experimental Gas-Cooled Reactor Final Hazards Summary Report,”
USAEC Report ORO-586, Vol. 1, pp. 8.3-8.7, Oct. 10, 1962.
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data reduces the release rate by a factor of about 200. -Reducing all
the nuclide release rates by a factor of 200 gives the following results

for the maximum-power element, assembly, and channel:

Activity Release

(curies)
Fuel element 0.50
Fuel assembly 3.50
Fuel channel 4.30

In order to estimate the total activity release in the reactor, the
core was divided into a number of approximately equal power channels, as

shown in Table 1.1, which also gives the number of channels in each power

Table 1.1. Radial Distribution of Power and
Temperature in EGCR Core

Maximum - Number of
Channel - Number Fuel Equivalent
Power of .
Ratio Channels Tempgrature Max imum-Power
(°F) Channels
1.30-1.35 36 2390 36.00
1.25-1.30 16 2350 . 13.13
1.20-1.25 8 2310 5.31
1.15-1.20 20 2270 10.71
1.10-1.15 16 2230 6.89
- 1.05-~1.10 8 2190 2.74
1.00-1.05 8 2150 2.14
0.95-1.00 16 2110 3.34
0.90-0.95 12 2070 . 1.97
0.85-0.90 12 ‘ 2030 1.53
0.80-0.85 16 . 1990 1.56
0.75-0.80 | 24 1950 1.78
0.70-0.75 16 1905 0.89
0.65-0.70 8 1860 0.32
0.60-0.65 8 , 1815 . 0.23
0.55-0.60 8 1770 0.16
232 : - 88.70

range, the maximum UO, temperature, and the number of equivalent peak-

power channels in each group. The nﬁmber of equivalent peak-power chan-

nels was determined from
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where
Dy = diffusion coefficient at maximum central UO, temperature,
D, = diffusion coefficient at maximum UO, temperature (2390°F),
o T number of chamnels in each power-ratio group,
PR = ratio of channel power of group to the reactor average power.

The value of N for the core was found to be 88.7 channels, and the equilib-
rium total activity release was 380 curies. The EGCR coolant system shield-
ing is designed for 1000 curies of fission products with an effective gamma

energy of 1 Mev per disentegration.

Temperature Distribution in EGCR Graphite
Surveillance Specimens

M. E. Lackey R. 8. Holcomb

Specimens of the EGCR moderator graphité will be placed in one of the
fuel channels in the reactor core to be irradiated and then removed to de-
termine whether any changes in the physical propérties have occurred (see
chap. 3, this report). In order to relate the changes of properties of
the specimens to those that‘might be expected to occur in the moderator

blocks, it will be necessary to know the approximate temperature at which

"the specimens will be irradiated.

The moderator specimens will be placed inside graphite fuel assembly
sleeves. Six of these sleeves, fllled with specimens and fitted with‘top
and bottom dummies, will be loaded into a fuel channel. The heat-genera-
tion rate in the graphite specimens, sleeve, and surrounding moderator will
be lower than the heat-generation rate in the sleeve and moderator sur-
rounding a fueled channel, since no fissions will occur in the specimen
channel. Therefore, for the same axial gas temperature distribution, the
annulus coolant flow mist be adjusted to match the actual heat generated
in the low-power channel.

The fuel channel designated No. 140 and located in moderator block

No. 270-65 was recommended from a physics standpoint as the best location
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of the graphite specimens. The local power level for this channel is 1.25
times the averége. A

The average energy aeposition rate for this channel was calculated
to be 0.110 W/cm3. The local energy deposition rate as a function of
axial position in the channel is given below for the case of 47-in. bank

insertion of the control rods.

Distance . Energy
from Bottom  Deposition
of Core in Graphite
(in.) (w/cm3)
0 - 0.017
20 0.100
10 .0.162
60 0.195
70 0.199
80 0.19%
100 0.157
120 0.092
140 0.0303
160 0.0083
174 0.0044

These were the heat-generation rates assumed to exist in the graphite ‘
specimens and specimen sleeve for this study.

The heat-generation rates in the moderator block were determined pre-
viously for calculating the temperature‘distribution in the moderator sur-
rounding a normai fuel channel operating at the average power. These

rates were multiplied by 1.25 to correspond to the local power level o%
the region around the specimen channel. The graphite specimen assembly’
consists of a number of Smail‘specimens stacked on graphite spacer disks
at nine levels inside a fuel assembly graphife sleeve. The entire as-
sembly of spacers and specimens is held together by a stainless steel rod
through the center of the assembly. There are two arrangements of speci-
men loading in the assembly; one type is used in the fhree odd -numbered
assemblies and the other is in the three even-numbered assemblies.

‘ A simplified model of the specimen assembly was assumed for the tem-
perature calculations. At the level of eaéh,type of specimen, the speci-
mens were considered to be hongenized into a single cylinder of the same

cross-sectional area. The s5pacers were combined at a single axial position
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within a half-assembly in order to reduce the number of axial parts needed
to describe the assembly. The models used for the odd and even assemblies
are shown in Fig. 1.3.

The temperature distribution was calculated within the half-block
containing the specimen channel at 36 axial positions within the reactor
on the IBM-7090 computer. The model assumed for these calculations is
shown in Fig. 1l.4. The half-block was assumed to have no heat flow across
its boundary and no heat flow in the axial direction.

The helium flow rate in the adjacent fuel channels is 121 1b/hr, and
it was assumed that one third of the heat generated in the graphite sleeves
of the fuel assemblies was transferred to the fuel channel annulus gas.
The helium flow rate in the graphite-specimen channel annulus was there-
fore chosen to be 104 1b/hr.

The temperature calculated to be representative of the specimen was
the surface temperature of the equivalent cylinder used in the model.

The temperatures of the specimen, sleeve, and annulus gas were assumed to
be constant with angular position around the channel.

Static helium was assumed to exist between the specimen and sleeves,
and an average value of 0.16 Btu/hr-ft-°F was used for the thermal con-
ductivity of the helium. The axial locations at which the temperatures
were calculated, the specimen equivalent cylinder diameter, and the heat
generated in the specimen and sleeve are shown in Table 1.2.

The computer calculated the temperature distribution at the center ot
each axial segment using the gas temperatures at the beginning of the
segment. The heat transferred to the gas at the midpoint of the segment
was calculated from the temperature differences, and this heat was added
to the gas to calculate the gas temperature at the end of the segment.
Heat transfer by radiation was neglected in the computer program. The
moderator block central temperature, the surface temperature of the
2.75-in. -diam specimens, and the surface temperature of all other diame-
ter specimens, as calculated by the computer, are shown as a function of
axial position in Fig. 1.5.

These temperatures were then recalculated to determine the effect of

radiation heat transfer. One effect of including radiation was to lower
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Table 1.2. Heat Generation in Specimen Channel

Distance

Axial from Heat_ Heat Specimen i .
: Generation . : Generated in
Posi- Bottom of Rate in Generated in Equivalent gpecimen
tion Active Graphite Specimen Diameter Sleeve
Gy (tu/eran.?) (Btufor-1n.) - (n) (e in, )
i 2uld 1.9 9.182 2.'15 18.84
2 10 3.25 12.241 2.136 40.82
3 16:5 4.6 28.159 275 57.'76
4 20 5,45 18.023 2.004% 67.824%
) 23.75 6.3 38.565 295 79.756
6 26 6. 75 25.514 2.14 84.78
7 31.25 77 47.13 2.75 96,71
8 39 8.8 29. 1 2.004 110,53
9 45.5 9.7 9937 275 121.83
10 49 10 33.07 2.004 125.6
1L 52.75 10.4 63.66 2,79 130.62
12 55 10.55 39.88 2.14 132.51
13 60.25 10.9 66.72 2.75 136.9
14 68 N 41.8 2.136 139.42
15 Fée5 11.05 67.64% 2.75 138.79
16 78 10.:9 36.05 2.004 136.9
17 81.75 10.7 65.49 2,75 134.4
18 84 10.6 40.07 2.14 133.34
19 89.25 10.1 61.82 2475 126.86
20 9% 9.2 30.42 2.004 115.55
210 103.5 8.2 50.19 25 19 102.99
22 107 7.6 25.13 2.004 95.46
23 110.75 6.85 41.93 2.75 86.04
24 113 6.5 24.57 2.14 81l.64
25 118.25 9:'95 33.97 275 69.71
26 126 3.8 14.31 2.136 47.73
27 132.5 2.8 17.14 2.5 39 .l
28 136 e 7.28 2.004 27.63
29 139.75 1.8 11,02 275 22.61
30 142 1..55 5.86 2.14 19,47
31 147.25 1.1 6.73 2+'75 13.82
32 155 0.7 2:31 2.004 8.79
23 161..5 0.5 3.061 2.'75 6.28
34 165 0.4 1.32 2.004 5 .02
35 168.75 0.35 2.14% 2:75 4.40
36 171 0.3 1.13 2.14 3.77
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the temperature difference between the moderator and annulus gas ‘streams.
From the calculated temperatures it could be seen that including radia-
tion would have practically no effect on the percentage of the moderator
heat that would be removed by each of the three gas streams. Therefore '
it was assumed that the gas temperature in the specimen channel annulus
would be unchanged, and likewise the temperature difference from the mod-
erator surface at the specimen channel annulus to the moderator center
would be unchanged.

The moderator central temperature was reduced a maximum of &°F by
radiation. The greatest change in the specimen surtface temperature was
for the smaller equivalent-diameter specimens. The over-all effect of
including radiation was to make the specimen temperafure more nearly equal
to the moderator central temperature. The temperatures of the moderator
center and the specimens at the surface as calculated including radiation

heat transfer are shown in Fig. 1.6.
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Fig. 1.6. Calculated Temperature of Moderator Block Center and
Specimen Surface, Including Radiation, Versus Axial Position.
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Taking into account axiai heat conduction would require a complicated
computer program. This effect will cause the moderator to be colder by a -
few degrees in the middle third of the reactor and a little hotter in the .
bottom third. Axial conduction will have practically no effect on the
specimen temperature, since the gaps between the pieces will provide a

high resistance to axial heat flow.

EGCR Fuel Element Failure Analyses

T. H. Row

A previous analysis indicated that 330 fuel element failures would
result from thé EGCR maximum credible accident.” Experimental stress-
rupture data were compared with information derived from accident analy-
ses of fuel element cladding transients to arrive at the estimate OQ
failures. This failure analysis was examined to determine the effect of
several refinements in the calculational procedure. - The changes in the
calculations include an allowance foi‘the actual decrease in the central
temperature after shutdown, consideration of the effect of the partial
pressure of cesium and rubidium; and the use of larger subdivisions of
the EGCR core. |

The internal fuel element pressure values calculated previously7 were
recalculated with a revised form of the Pandora code® used originally.

The code was designed for use on the IBM-704 but was reprogrammed for the
IBM-7090 to take advantage of the more efficient machine operation and
additional information. The revised internal pressure data, given in
Table 1.3, show a reduction of as much as 20 péia in cases of high'fuel ' .
exposure. In addition, it was previously assumed that the calculated |
iﬁternal preésure remained the same for the duration of the accident.

Actually, the UO», temperature in the region surrounding the central void

7T. H. Row and W. B. Cottrell, Fuel Element Failures in Depressuri-
zation Accident, pp. 69, "GCRP Quar. Prog. Rep.. March 31, 1962," USAEC
Report ORNL-3302, Oak Ridge National Laboratory.

M. W. Rosenthal, Pandora — A Computer Program for Estimating Fission-
Gas Release and Its Effect on the Mechanical Life of Clad Fuel Elements,
Oak Ridge National Laboratory, unpublished report.

iy
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Table 1.3.  TFuel Exposures, Temperatures, and Internal
Fuel BElement Pressures for EGCR Equilibrium Core

Fuel Element 'Fuel Element

Core Fuel Element  Fuel Exposure Cladding Internal
Group Assembly (de/MT) Temperature Pressure
(°F) (psia)

First Hall of Fuel Cycle

P-1 1@ 240 1054 41.5
2 1,360 1086 43.8
3 5,730 1223 54.0
4 9, 860 1279 62.8
5 9,310 1099 55.7
6P 4,500 739 37.7
P-2 1 245 1054 41.6
. 2 1,380 1087 44,3
3 5,840 1224 56.6
4 10,000 1282 69.4
5 9,460 1102 60.1
6 4,570 741 39.3
P-3 1 242 1054 41.7
2 1,360 1087 44,9
3 5,750 1225 59.1
4 9, 870 1285 79.2
5 9,300 1105 64.8
6 4,490 742 40.9
Second Helf of Fuel Cyclec
P-4 4 10,480 1080 4.9
5 10, 940 1123 48.5
6 9,970 1280 64.7
1 9,320 1367 105.0
2 9,970 1167 73.8
3 10,110 77 . 44,5
P-5 4 10,770 1080 46.1
5 11,200 1123 48.9
6 10,070 1281 66.5
1 9,320 - 1369 126.1
2 10,000 1169 79.5
3 10,270 775 45.4
P-6 4 10,750 1081 49,1
5 11,150 1123 49.5
6 9,950 1282 68.4
1 9,150 1370 156.7
2 9,830 1170 86.1
3 10,190 776 46.3

a‘I'op of core.

bBottom or core.
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in the BEGCR fuel elements drops rapidly following scram action. This de-
crease in UO, temperature and a corresponding decrease in the equilibrium
pressure are shown in Fig. i.?. Thus the first two factors considered
had the effect of reducing interhal fuel element pressures.
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Fig. 1.7. TFuel Element Parameters During Maximum Credible Acci-
dent Group P-3, Axial Position 5. .

On the other hand, consideration of the effect of the stable iso-
topes of cesium and rubidium increased the internal fuel element pressure.
This effect was investigated previously,g;lo but recent experimental work
has indicated that cesium and rubidium may be released in the same pro-

11

portibn as the noble gases. It was determined previously that at EGCR

9. B. Cottrell et al., "Fission-Product Release from UOp," USAEC
Report ORNL-2935, pp. 129-130, Oek Ridge National Laboratory, Sept. 13,
1960. '

10M. W. Rosenthal and S. Cantor, "Some Remarks on the Contribution
of Fission-Product Cesium to the Pressure Buildup in UOp Fuel Elements, "
USAEC Report ORNL-CF 60-3-81, Oak Ridge National Laboratory, March 18,
1960.

11, W. Parker et al., Influence of Irradiation Level on Fission
Product Hazards Associated with UQO,-Fueled Reactors, pp. 11-17, "Nuclear
Safety Program Semiann. Prog. Rep. June 30, 1962, '" USAEC Report ORNL-3319,
Oak Ridge National Laboratory.

-
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operatipg conditions, the partial pressure of the isotopes of cesium and
rubidiﬁm would add approximately 10 p8189 in the maximum-power channel.
This would be true only if the temperature of the coldest part of the ele-
ment, that is, the lower end cap, did not exceed 1100°F. During the EGCR
maximum credible accident, however, the end-cap temperature would exceed
this value for the majority of the accident and thus would subject the
capsule to the cesium-rubidium partial pressure associated with the end-
cap temperature transient. The expected partial pressure for one case is
shown in Fig. 1.7.

The analysis was also extended in time to approximately 3 min. This
was made possible by the use of information resulting from analysis of
graphite oxidation in the EGCR core following the accident.'? By the end
of 3 min, the temperature of most of the cladding will-have dropped to be-
low 1800°F, which is considered as the upper limit for long-term operation
without failure.l?

In the previous analysis the probability of fuel element failure had
been determined from the transient curve by assuming a constant peak pres-
sure for the different temperature intervals. The transient curve was
taken as a step function, with each step representing the time at which
the cladding was at or above a certain temperature value. In the present
analysis, it became impossible to proceed on this basis because of the
variation with not only the cladding temperature but also the internal
pressure. Therefore the method of analysis used was the fractional-life

technique.14;15

The use of the fractional-life method, where each step
along the curve is analyzed for failure, ig illustrated in Fig. 1.7. A

ratio is obtained of the time at each step to the failure time indicated

1271, 0. Kolb and W. B. Cottrell, Graphite Oxidation, pp. 23-37,
"GCRP Semiann. Prog. Rep. Sept. 30, 1962, " USAEC Report ORNL-3372, Oak
Ridge National Laboratory.

13"RGCR Final Hazards Summary Report," Vol. 1, USAEC Report OR0O-586,
pp. 4-3 to 4-8, Oct. 10, 1962.

. 14C, R. Kennedy, Stress-Rate Testing, pp. 44-45, "Metals and Ceramics
Div. Ann. Prog. Rep. May 31, 1962," USAEC Report ORNL-3313, Oak Ridge
National Laboratory.

15john E. Dorn (Ed.), Mechanical Behavior of Materials at Elevated
Temperatures, McGraw-Hill, New York, 1961.

.
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for the particular cladding conditions at each step, and these fractions'
are summed over the entire transient curve. Failure is indicated if the
sum equals or exceeds unity.

This study conservatively introduced many refinements into the cal-
culation of the number of fuel element faiiures, and the net result was
to indicate a failure number of 751. Since the cesium-rubidium isotopes
will not exist in the maximum quantities-in all locations, as was assumed,
it seems likely that the number of failures would actually‘be substantially
.less than 751.

/

‘Graphite Oxidation and Hydrogen Generation

J. 0. Kolb W. B. Cottrell

The EGCR graphite oxidation codel® was used for the calculation of
hydrogen generation rates in accidents involving an internal rupture of
a steam generator. The hydrogen generation rates thus obtained were then
used in a study of methods for preventing hydrogen flammability in the

EGCR containment Vessel.

Method for Calculating Hydrogen Generation Rates

The hydrogen generation calculations for an EGCR channel weére based
on surface reaction rates that are a function of graphite temperature

7

only.l The reaction rate was assumed to apply to a reaction between

" graphite and water vapor:
C(solid) + 2H,0 — CO, + 2H, .
This reaction yields the greatest amount of hydrogen; that is, two moles

per mole of carbon reacted. An endothermic heat of reaction of 31.4

kcal/g-mole of carbon was used in the oxidation code. Since the graphite

. 16J. 0. Kolb and W. B. Cottrell, Graphite Oxidation, pp. 9-18,
"GCRP Quar. Prog. Rep. March 31, 1962,'" USAEC Report ORNL-3302, Oak
Ridge National Laboratory.

173. 0. Kolb and W. B. Cottrell, Graphite Oxidation, pp. 23-37, esp.
Fig. 1.15, "GCRP Semiamn. Prog. Rep. Sept. 31, 1962, " USAEC Report
ORNL-3372, Oak Ridge National Laboratory.

.,
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oxidation code output includes oxidation heat '"generation" rates, which
are negative in this case, for the inner sleeve and annular graphite, hy-
drogen generation rates could be conservatively calculated from the heat
generation rate, the heat of reaction, and the hydrogen yield of two moles
per mole of carbon reacted:

The value of 31.4 kcal/g-mole for the endothermic heat of reaction

actually applies to the gasification reaction
¢(solid) + H,0 &= CO + Hj .
The water-gas reaction,
CO + HxO = COp + Hp ,

is exothermic with a heat of reaction of 9.9 kcal/g-mole. Since the endo-
thermic heat of reaction is drawn from the graphite enthalpy in the oxi-
dation code, a lower value than 31.4 kcal/g-mole would have been more con-
servative by allowing higher graphite temperatures. In the calculations
performed, however, the oxidation heat generation was a negligible frac-
tion of the total heat generation, so a lower heat of reaction would not
have affected the temperature and hydrogen generation transients signifi-
cantly.

The hydrogen generation rate for the inner sleeve surface was ob-
tained in the manner outlined above. The hydrogen generation rate in the
annulus based on the calculated oxidation heat generation rate usually
exceeded the rate of hydrogen flow into the annulus in the form of H,O.
This situation was caused by the combination of (1) a zero-order reaction,
which was used because the mass-balance equations in the code were pro-
grammed for air rather than steam, and (2) low annulus flow rates. (Since
the percentage of the total flow passing through the annulus at low flow
rates was not known, a relative annulus flow of 3% was chosen as a con-
servatively high value.) Therefore the annulus hydrogen generation rate
was determined from two limiting conditions. First, the hydrogen out-
flow from the anmilus was limited by the hydrogen partial pressure allow-
able from equilibrium considerations. The hydrogen partial pressure varia-

tion as a function of temperature at 1.5 and 25 atm total pressure shown
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in Fig. 1.8 was calculated from standard equilibrium constantsl® for the
gasification and water-gas reactions. The highest annulus graphite tem-

. perature calculated_by the oxidation code was then used to select the hy-
drogen partial pressure in the annulus stream at a given time. The second
limiting condition was that the hydrogen generation rate in the annulus
would not exceed‘the inner sleeve generation rate times the annulus-to-
inner sleeve area ratio, 3.42, when the inner sleeve and moderator block
temperatures were about the same. This condition is satiéfied within 30
sec after the reactor is scrammed, so this limit was applicable to.all'

cases analyzed.
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Hydrogen Generation Following Overpressurization or Depressurization
Accidents ;

Hydrogen could be generated following a steam generator internal
failure in an overpressurization or depressurization accident. The

overpressurization accident is worse from the standpoint of the higher

18Tables of Selected Values of'Chemical Thermodynamic, Properties,
National Bureau of Standards, Washington, D.C., 1949.

-



23

reaction rate for forming hydrogen but better because of the natural
circulation cooling that would be available. In the EGCR hazards analy-
sis, it was assumed that no means of forced circulation was available
during the first hour after the accident but that at least 7000 1b/hr
of steam would flow through the core after an overpressurization acci-
dent.

Calculations were performed for maximum- and average-power channels
with core steam flow of 7000 1b/hr at 300 psig starﬁing after 30 sec of
no cooling. The generation rate and cumulative amount ot hydrogen gene-
rated per channel are shown in Fig. 1.9 for these conditions. The calcu-
lated generation rate is high for many hours and would lead to large
amounts of hydrogen being formed if no remedial action were taken.

Two cases were also calculated for a maximum power channel with core
flows of 197,500 and 98,750 1b/hr from a main blower starting 1 hr after
scram. (These flows are 50 and 25%, respectively, of the normal helium
mass flows.) The initial Lemperature profile was the conservatively ﬁigh
C-K temperature envelope used for air oxidation calculations.l? The cal-
culations were performed to investigate the magnitude of steam cooling
necessary to reduce the hydrogen generation rates to negligible levels.
It was found, as shown in Fig. 1.10, that the calculated generation rates
decreased several orders of magnitude within 1 hr of the initiation of
forced cooling. The generation rates in the amnulus were based on the
area ratio limit described above.

A depressurization accident that included an internal steam genera-
tor rupture could expose the core for up to 1 hr with little cooling until
gome means of forced-circulation cooling was initiated. The first depres-
surization calculation was for the first hour after a scram with no cool-
ing and a l-atm steam-graphite reaction occurring on all graphite surfaces
of a maximum power channel. The results for this case are presented in
Fig. 1.11.

By 1 hr after a depressurization accident in the EGCR, the emergency
cooling loop will provide core flow and nitrogen purging of the circulat-
ing volume if a main blower is unavailable for use. Therefore, a calcu-

lation was performed for a maximum-power channel to simulate the initial
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circulation of steam by the emergency cooling loop. A steam flow of 3830
1b/hr, which is volumetrically equivalent to the 7000-1b/hr nitrogen flow
of the emergency-cooling loop, and the C-K temperature envelope for 1 hr
after scram were used. The results for this case are presented in Fig.
1.12; the generation rate in the annulus was obtained from both the area
ratio and equilibrium limits at different times during the transient.
Circulation of l-atm steam by a main blower was investigated by cal-
culations starting at 1/2 and 1 hr after scram. Steam flows of 15,800
and 22,130 1b/hr were used to correspond to the air flows of 25,000 and
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&

35,000 1b/hr required ‘at 1/2 and 1 hr after scram to prevent runaway air

oxidation.17 "’ The initial temperature profiles used were again the con-
servative C-K envelopes. The results for these two calculatlons are pre-

sented in Fig. 1.13.

Prevention of Hydrogen Flammability

‘The amounts of hydrogen generated, the dispersion of the hydrogen

into the various internal volumes of the EGCR containment vessel, and
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the means for preventing the accumulation of flammable‘volumes of hydro-
gen were studiedhby Allis~Chalmers, Kaiser Engineers; and ORNL members

of the EGCR hazards team and were reported by Kaiser Engineers in a re-
port documented for the EGCR Hazards Summary Report.l3 It was decided to
limit conservatively calculated hydrogen concentrations to the flammable

range so that no self-supporting reaction could occur even in the presence
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of an ignition source. Therefore two working criteria were established:
(l) hydrogen concentrations in air would be kept to less than 4 vol %,
the lower limit of flammability for upward propagation; and (2) volume

19 and nitrogen to hydrogen?® in mixtures

ratios for steam to hydrogen
réleased to the containment vessel would be at least 4.5 and 16.5, re-
spectively. The latter criteria establish "ever-safe' mixtures of hydro-
gen and the diluent nitrogen or water vapor in air so that flammability
cannot occur as the hydrogen is released from the primary cooling system
and mixed with the atmosphere in the containment vessel. |

In the Kaiser Engineers study, it was assumed conservatively that
the shield cooling system and the reactor chambef were the locations into
which hydrogen would disperse in overpressurization and depressurization
accidents, respectively. Based on the results presented in Figs. 1.9,
1.10, and 1.12, the following sequence of events was shown to be accept-
able after overpressurizatidn: (l) 1 hr of natural circulation from
overpressurization followed by (2) core cooling by 98,750 lb/hr of core
steam flow from a main blower or (3) depressurization of the primary
cooling system within 1 hr if a main blower was inoperable and use of
the emergency cooling loop for core cooling and purging of the primary
system. Depressurizing the primary system to 9 psig in about 1/2 hr has
been made possible by recent piping revisions, so this action would not
be taken until 1/2 hr after the accident if a main blower were not oper-
able.

For a dépressurization accident, the results presented in Fig. 1.11
were used for the first hour. If a main blower were operable, the Kaiser
study showed that core flows of 21,400 and 26,000\lb/hr should begin at
1/2 and 1L hr, respectively. These values were derived by interpolating
and extrapolating the results presented in Fig. 1.13. If a main blower
could not provide the required steam flow, the emergency cooling loop

would be used. The nitrogen purge rates would be sufficient to remove

19M. s. Zabetaki, "Research on the Combustion and Explosion Hazards
of Hydrogen-Water Vapor-Air Mixtures," AECU-3327, Sept. 4, 1956, Fig. 1.

20y, F. Coward and G. M. Jones, "Limits of Flammability of Gases
and Vapors," Bulletin 503, Bureau of Mines, 1952, Fig. 1.
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essentially all water vapor and hence the source of hydrogen from the core
during the first hour of operation. It appears therefore that the amounts
of hydrogen generated in the depressurization situations would be toler-

able even in the relatively small reactor chamber volume.

Experimental Measurements of the Reaction
of Steam and Graphite

R. E. Helms R. E. MacPherson

A high-pressure forced-convection loop is being assembled for measur-
ing the reaction rate of graphite and steam over the temperature range
1000 to 1800°F at system pressures from 20 to 362 psia and steam flow
rates up to 120 lb/hr. The data obtained will be used to verify the cal-

culations described in the preceding section.

Neutron Multiplication by Experimental Gas-Cooled
Reactor Fuel Assemblies

E. B. Johnson R. K. Reedy, Jr.

Experiments were conducted to determine the source-neutron multipli-
cation of EGCR fuel assemblies under conditions which might exist in
transportation and storage. Twenty-eight fuel assemblies were arranged
to yield maximum nuclear reactivity under conditions that might be ex-
pected for out-of-pilg environments. It was found that these 28 assem-

blies could not be made critical when water moderated and reflected.?!

21E. B. Johnson and R. K. Reedy, Jr., "Neutron Multiplication by
Experimental Gas Cooled Reactor Fuel Assemblies,” USAEC Report ORNL-TM-433,
Oak Ridge National Laboratory, Nov. 27, 1962.
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2. COMPONENT DEVELOPMENT AND TESTINGS\

Fuel Channel Top and Bottom Dummy Assembly Flow Tests

R. E. Helms- ‘R. E. MacPherson

An adjustable orifice in the bottom dummy was designed and tested
that will provide the control needed to assure more linear flow for the
full 5 in. of travel of the adjustable plug. The calculated helium pres-
sure drop versus flow for this design is presented in Fig. 2.1. The

helium flow as a fuﬁction of plug position is presented by Fig. 2.2.

'
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A retest of the prototype top dummy following machining to the di-
mensions of the mockup top dummy gave essentially the same flow versus
pressure drop relationship as that measured in tests of the mockup. “The
data on flow versus pressure drop for the mockup top dummy were reported

previously.'.L

Evaluation of Venturis for EGCR Instrumented Channels

R. BE. Helms K. k. MacPherson

Venturis 1, 2, and 3 for the EGCR instrumented channels were tested
to determine -the effect of variations from design dimensions. The design
dimensions and the dimensions of the five units that have been fabricated

are listed below:

1R. E. Helms and R. E. MacPherson, Fuel Channel Top and Bottom
Dummy Assembly Flow Tests, pp. 61—64, "GCRP Semiann. Prog. Rep. Sept. 30,
1962, USAEC Report ORNL-3372, Oak Ridge National Laboratory.
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Entrance Diameter .. Throat Diameter

(in.) (in.)
Design 3.000 = 0.001 1.625 £ 0.001
Unit 1 2.999 1.6248
Unit 2 2.9989 1.6250
Unit 3 2.9993 1.6243
Unit 4 2.9996 1.6255
Unit 5 2.9993 - 1.6243

The calculated values of helium flow versus‘pressure differential

are presented in Fig. 2.3 for units 1, 2, and 3, which had the greatest

dimensional variations. The results for all three units agree within 1%;

therefore no tests are planned on the remaining two units.
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Instrumented Fuel Assemblies

R. L. Senn W. G. Cobb
E. A. Franco-Ferreira

Fabrication work on the instrumented fuel assemblies for the first
core loading of the EGCR continued. The final assembly of the first four
units was rescheduled for October 1963 as a result of delays in the ex-
pected shipping date for the top closures and shield plugs.

The design and fabrication of assembly fixtures was completed and
assembly of the seven-rod cluster fuel element assemblies is in progress
(see chap. 3, this report). Numerous special dimensional inspections are
being performed on the fuel rods, graphite sleeves, and fuel element as-
semblies. These include lengths, diameters, and straightness of the rods
and sleeves. Upon completion of each assembly, the spacings between the
rods near the top spider, bottom spider, and midplane spacers are measured.

A record of these inspections is maintained for each unit.

Control-Rod-Drive Testing Facility

W. F. Ferguson

The EGCR control-rod-drive testing facility was completed and placed
in standby condition pending delivery of the prototype drive mechanism.
This completes all installation work, except for the calibration of cer-
tain instruments, which cannot be accomplished until after the drive
mechanism is installed. Operating procedures were prepared for the test

facility.

Compressor Procurement

W. F. Boudreau

Main Coolant Blowers (E. R. Taylor)

The progress on the casings for the Joy Manufacturing Company blowers
was extremely slow during the report period, even though no further prob-
lems were encountered in welding. The latest tentative schedule received

from the Joy Menufacturing Co. indicates delivery of the first blower in
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September and the’ second in November 1963. All other components for the

r

blowers are essentially complete, except for the static seals, which are
now in the latter stages'of design and testing. Design changes are being

made to improve the endurance life of the bellows.

Pressure-Vessel Cooling-System Compressors (E. R. Taylor)

The welding of the first casing was compléted by the Battelle

[})

Memorial Institute on February 15, 1963. This unit is in the Roots-

Connersville Plant for final machining, hydrostatic testing, assembly,

‘and performance testing. ‘The remaining work on this unit is estimﬁted

to require between two and three months. The progress schedule for the ‘ &
second unit is about two months behind that of the first. All other

" parts for these two uﬁits are essentially complete, except for the static
seals, which have the same status as those for the main blowers. The
Chicago Rawhide Company is providing the static seals for both the vessel

cooling compressors and the main cooling blowers.

EGCR In-Pile Loops

W. F. Ferguson

The experimental loop nozzle tees, which provide access for the loops
through the pressure vessel, are being fabricated by the Baldwin-Lima-
Hamilton Corporation of Philadelphia, Pennsylvania. The three bottom
ioop teeé and the tee for the'emergency cooling loop were delivered to
the reactor site and are being installed by the H. K. Ferguson Company.
The major production effort has been expended on the bottom tees, and
‘little progress has been made toward completion of top teés.

The lower experimental piping for loops TS-2, TS-3, and TL-4 was
installed by the H. K. Ferguson Company, and all welding of both stainless
and carbon steel was completed, except for the welds that connect the loop
piping to the bottom nozzle tees. Inspection and testing of all finished
welds was satisfactorily completed.

The topAclosures for the loops are being designed and fabricated by

-the General Electric Company. The design of the closures is approximately

o
had
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80% complete. Since the design is similar to the design of the EGCR clo-
sures, which are also being supplied by GE, the General Electric Company
has elected to defer completion of loop closure design and fabrication
until after a prototype of the EGCR closures has been fabricated and has
satisfactorily undergone all required testing. ‘ }

The bottom closures are being supplied by flight Kefueling, Inc. of
Baltimore, Maryland. A prototype closure was tested using Viton "o" rings,
and the leakage across the seal was far in excess of the specification
regquirements. Consequently, the closure was retested using Selastic
8-2097-U "0" rings. The closure met all requirements of the specification
in the second test. Approximately 50% of the parts for the closures have

been completed.

Decontamination Studies

A. B. Meservey

Decontamination of Stainless Steels BRaked in Helium at 500°C

Stainless steel blowers and piping exposed to contaminated helium
at the operating temperatures of the EGCR can probably be adequately de-
contaminated without damage by hot oxalic acid so;utions containing fluo-
ride and hydrogen peroxide.‘ Decontamination can be by means of an aqueous
bath containing 0.4 M HyC,0, + 0.1 M P+ 0.1tolM Hy0, for 2 to 4 hr

at 90 to 95°C. This decontaminating solution has a corrosion rate of

' 0.003 £ 0.00L mil/hr. For increased effectiveness, a similar but more

corrosive bath, with a penetration rate of 0.02 * 0.0l mil/hr, can be
used. The latter solution differs from the first only in the H0; con-

tent, which is 0.01 to 0.02 M, and in its increased corrosivity. Typical
laboratory data illustrating the effectiveness of the two types of solu-

tions compared with noncorrosive (pH = 4) solutions are shown in Table
2.1 for types 302 and 347 stainless steels contaminated with the most
tenacious of the fission products. The noncorrosive oxalate-peroxide
solution produces decontamination factors of 102 to 102 or more on carbon
steels and stainless steels not heated above about 200°C and also deéon-(

taminates carbon steels and aluminum that have been contaminated and then
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Table 2.1. Decontamination Factors with Oxalate-Peroxide
Solutions on Stainless Steels Baked at 500°C in Helium

@

Decontamination Factor

Fission : . . L
Product Noncorr9s1ve Corrosive Corrosive .
Solution Solution Solution
(pH = 4) (0.003 mil/hr) (0.02 mil/hr)
Zr-Nb23 2~ 2545 100-200 o
Ce-Pri44 6 20 200-300
Ru-Rh106 2 17 , 70
Ba-Iat40 7 70

heated to 500°C in helium, but it fails to decontaminate stainless steels
baked at 500°C. The increased acidity provided by oxalic acid combined
with the complexing prdperties of the oxalate and fluoride'ions and the S
oxidizing-reducing behavior of the peroxide results in a superior decon-

- taminating, oxide-dissolving, and metal brightening solution for heated

‘mstainless steels. The decontamination of contaminated loop specimens and

of piping exposed to heated helium containiﬁg fission products was suc-

cessful with these solutions and with steam-spray teéhniques.

Decontamination of Carbon Steels by Steam Sbray

Blasting ﬁith évlS-psig steam jet into which was aspirated approxi-
mately 12 wt % 0.4 M oxalate + 0.16 M citrate + 0.5 M Hy0; at a pH of 4.0 "
was satisfactory as a low-corrosioﬁ,decontaminating technique for carbon
steel at distances of 2 to 24 in. from the nozzle. The corrosion rate
was 0,002 to 0.006 mil/hr. At lower peroxide concentrations, such. as
0.3 M, the corrosion rate rose abruptly to 0:17 mil/hr as inhibition was
lost. After Zr-Nb®? was baked onto carbon steel in helium at 500°C,
decontamination factors in 1 hr at 2 and 24 in. from the jet were 1.2 X 103

and 520, respectively, in the 0.5 M Hy0, mixture.

¥
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3. MATERTALS DEVELOPMENT

A. Goldman

Fabrication of Instrumented Capsules and Fuel
Elements for Irradiation Tests

E. A. Franco-Ferreira

ORR Poolside Irradiation Capsules

Six standard uninstrumented capsules were fabricated for tests of
UO, pellets in the ORR poolside facility (see Chap. 4). The sources of

the UO, in these capsules, designated group VI, are listed below:

Capsule No. U0, Source
03-6 Oak Ridge National Laboratory
02A-6 Westinghouse virgin oxide
03A-6 Westinghouse virgin oxide
05A-6 WeslLinghouse reprocessed oxide
06A-6 Westinghouse reprocessed oxide
05B-6 Modified Westinghouse reprocessed oxide

Test Fuel Elements for Irradiation in GCR-ORR Loop No. 1

A special roughened-surface fuel element, designated 10-P, was fab-
ricated for measuring the effect of the roughened surface on the pressure
drop in the coolant gas. The roughened surface was produced by wrapping
the outside of the cladding with 0.0063-in.-diam Nichrome wire on a pitch
of 24 turns per inch and copper brazing it in place. Standard procedures
were used in the installation of four internal cladding thermocouples.

The element was designed for a higher power output (estimated at 65,000
Btu/hr-ft) than those manufactured previously, and both the over-all length
of the element and the length of the fuel column were less. As in the
past, two complete elements were fabricated for the experiment.

Bach element was encased in a shroud designed to direct the flow of
cooling gas around the element. Normally each shroud contains two thermo-
couples to measure the exit-gas temperature, and the thermocouples, as
well as the gas sealing rings, are brazed in place as a routine portion

of the fabrication program. The shroud used for element 10-P was somewhat
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more complicated, however, in that it contained provisions for gas pres-
sure-drop measurements, as well as temperature measurements. The completed
shroud is shown in Fig. 3.1. The two girth rings contain gas annuli that
are connected to the inside of the shroud by a number of accurately sized
holes. The annuli are connected to pressure transducers by brazed-in
capillary tubes, one of which can be seen in Fig. 3.1. Also evident are
the two gas-temperature thermocouples. All components were simultaneously

brazed in place.

UNCLASSIFIED
Y-49045

Fig. 3.1. Completed Shroud for Fuel Element 10-P. The girth rings,
capillary tubes, and gas-temperature sensing thermocouples are shown.

Fabrication of EGCR Instrumented Fuel Elements

E. A. Franco-Ferreira

Fabrication of components for the 20 instrumented fuel elements that
will be installed in four-assembly stringers with the first core loading
is progressing rapidly. All the fuel rods for the first two instrumented
stringers were completed (see Chap. 2). The various phases involved in

this work are discussed below.

Fuel Processing

A1l the UO, bushings are standard EGCR units removed from Westing-
house's normal assembly stream. After the bushings were received at ORNL,
it was discovered that the flat lands on the dished ends of the bushings
were too narrow. This condition was corrected by hand grinding both ends
of each bushing in order to widen the lands. The bushings can be processed

in this way at a maximum rate of approximately three per minute.
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The bushings were then slotted by an Elox process to accommodate the
internal thermocouple of the instrumented fuel tube. After the grinding
and slotting operations were completed, the bushings were ultrasonically
cleaned in trichlorethylene to remove oil and grease, as well as any UO;
dust produced by machining.

Because of variations that occur during manutacturing, the UO, bush-
ings are not all the same length. Therefore the fuel bushings for each
rod must be individually selected so that their stacked height will be
within the specified tolerance. After each stack is made up, it is
weighed and loaded into a fuel rod that has one end cap welded in place.
Loaded rods are then placed in a special furnace extension on the inert-
atmosphere welding chamber. This extension is the aluminum-foil-insulated
portion in Fig. 3.2. The chamber is evacuated to at least 2 X 10-% torr
and outgassed for 4 hr at a temperature of 400°C. The chamber is then

backfilled with helium, and the final end-cap welds are made.

Uninstrumented Fuel Rods

Each instrumented fuel assembly stringer has 25 uninstrumented rods
and 3 instrumented rods, and the uninstrumented rods are fabricated with
the same care as the instrumented rods. The upper end caps are wclded
into the tubes outside the welding chamber, helium-leak tested, dye-pene-
trant inspected, and radiographed. The rods are then loaded with fuel
and outgassed as described above. The bottom end caps are pressed in and
welded automatically inside the welding chamber in the unit shown in Fig.
3.3, which is a view through the port of the welding chamber with an actual
weld setup shown. The bottom end-cap welds are subjected to the same non-
destructive tests as the top end-cap welds.

In addition, special dimensional measurements are made of each fuel
rod. These data and the weld inspection reports, welding current traces,

and fuel weights are compiled into a record file.

Instrumented Fuel Rods

Two of the three instrumented fuel rods in each stringer have two

cladding thermocouples and one central thermocouple (Fig. 3.4); the other



40

rod has only one cladding thermocouple and no central thermocouple. In
the fabrication of these rods, the top end caps are first welded and in-
spected as above. The cladding thermocouples are then brazed in place

using procedures developed and reported previously. The brazed joints

UNCLASSIFIED
PHQTO 59948

Fig. 3.2. Furnace Extension Used for Outgassing Fuel Rods Loaded
with UO, Bushings. This unit is attached directly to the welding cham-
ber shown in the background.
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are tested as described in the following section, and the fuel bushings
are loaded into the rod. If the rod is to include a central thermocouple,
the central thermowell is welded in place and leak checked before the bot-

tom end cap is welded in. The only other variation from the assembly

UNCLASSIFIED
PHOTO 60481

Fig. 3.3. Apparatus for Welding Bottom End Caps of Fuel Rods In-
side the Controlled-Atmosphere Welding Chamber.

UNCLASSIFIED
PHOTO 60478

Fig. 3.4. Components of Typical Instrumented Fuel Rod Showing End
Caps, Central Thermocouple, and Two Cladding Thermocouples.
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sequence described for the uninstrumented rods is that the bottom end cap
must be manually welded because the thermocouples prevent automatic rota-
tion of the rod. Special inspections, dimensional measurements, and re-

ports are completed as described for the uninstrumented rods.

Nondestructive Evaluation of Thermocouple-
to-Tube Brazed Joints

K. V. Cook

Various inspection methods were investigated, and it was found that
a "ringing" ultrasonic technique was applicable for evaluating the brazed
Jjoints between the thermocouples and the inner surface of the type 304
stainless steel tubes used in the instrumented fuel assemblies. Prelimi-
nary ultrasonic data were generated for a specimen with four thermocouples
attached; subsequent destruction of two of the thermocouple-to-tube brazed
Jjoints demonstrated that the method could differentiate between unbonded
and bonded areas approximately 1/32 X 1/16 in. The two remaining brazed
joints contained unbonded areas of comparable size, and hence they served
as standards. Nine additional thermocouple-to-tube brazed Jjoints were

evaluated, and the results indicated acceptable bonding in all cases.

Oxidation Studies of Nitrided (Malcomized)
Type 304 Stainless Steel

B. Fleischer

An experiment was conducted to evaluate the oxidation behavior of
nitrided type 304 stainless steel under EGCR coolant conditions. The pur-
pose of the experiment was to examine the properties of the nitrided sur-
face layer being applied to the nozzles of the pneumatic temperature
measurement system of the EGCR, since the accuracy of the temperature
measurements of the system will be significantly affected by extremely
small variations in the nozzle throat area. Also, an alteration of the
surface smoothness of the throat would produce a change in the flow charac-

teristics of the nozzle that would, in effect, be similar to that produced
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by a variation of the throat diameter. It is clear from these considera-
tions that dimensional stability of the nozzle throat is extremely criti-
cal and that tests designed to determine the stability of the surface
layer would have to be concerned with extremely small dimensional changes.
Test specimens consisting of four l/2-in.-diam, 3/4-in.-long rods of
cold-rolled type 304 slainless stccl were obtained from the Atomic Power
Equipment Department of the General Electric Company. Pretest metallo-
graphic examinations of the four samples revealed a thin, continuous, ni-
tride case that varied in depth from about 0.004 to 0.007 in., as indi-
cated in the data of Table 3.1, and many imperfections in the nitride
layers in the form of circumferential and radial cracks. A system of
circumferential cracks that was apparent around the outer edges of speci-
mens 1 and 2 is shown in Fig. 3.5; specimens 3 and 4 had radial cracks
such as those shown in Fig. 3.6. Hardness impressions made across the
nitrided layers gave an average value of 595 DPH, and the hardness of the

base metal averaged 191 DPH.

Table 3.1. Results of Measurements and Oxidation Tests
of Nitrided Type 304 Stainless Steel Specimens

Original Depth Thickness of Oxidation Rate

Sp;gimen of Nitride Case  Layer Removed in 1000 hr
‘ (in.) (in.) (mg/cm?-nr)
x 10~%
12 0.0067 4,39
2 0.0059 0.003 235
3 0.0045 0.004% 0.668
4 0.0045 0.006" 0.314

a .
Tested as received.

bNitride layer completely removed.

Three of the specimens, Nos. 2, 3, and 4, were surface ground to re-
move 0.003, 0.0045, and 0.006 in., respectively, of the nitride case, and

specimen No. 1 was tested in the as-received condition. Oxidation expo-

sures of the specimens were carried out in slowly flowing, 40 cm® (STP)/min,
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Fig. 3.5. Circumferential Cracks in Nitride Layer of Type 304
Stainless Steel Specimen No. 1. As received. 100X
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impure helium at 1050°F. The test gas composition is given below:

Quantity by

Element Volume

co 0.01%

COz 0.13%

Hyo 0.17%

Ns 0.013%

Hy0 10 ppm

He Balance

The weight gains of the surface-ground and as-received nitrided speci-
mens after 1000 hr are listed in Table 3.1. As may be seen, the oxidation
rate decreased as a function of the depth of the layer removed by surface
grinding. The oxidation rate of the as-received nitrided specimen (mo. l)
was about 14 times that of type 304 stainless steel from which the nitride
layer had been completely removed. The metallographic appearance of the

as-received nitride layer after oxidation is shown in Fig. 3.7. The
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Fig. 3.7. Typical Cross Section of As-Received Nitrided Specimen
No. 1 Showing Oxide Layer Produced by 1000 hr of Exposure to Impure
Helium at 1050°F.
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specimens from which most or all of the nitride had been removed revealed
no detectable oxide layer. .

Hardness measureﬁents of the nitride layer after exposure to impure
helium gave an average value of 513 DPH, a decrease of approximately
80 DPH points from the pretest hardness. The base metal hardness remained
unchanged.

The experimental results show that the surface properties of a ni-
trided case under EGCR conditions tend to change to those of an oxide
film. Since the decreased oxidation resistance of the nitrided surface
results in increased susceptibility to dimensional change, nitriding may
have a detrimental effect on the stability and reliability of the pneu-

matic temperature measurement nozzles.

Graphite Surveillance Program

M. P. Davis

Surveillance Specimens

A graphite surveillance program is to be carried out in the EGCR to
monitor the changes in certain physical, mechanical, and chemical prop-
erties of the moderator graphite as a result of neutron irradiation and
exposure to oxidizing impurities in the coolant gas. The surveillance will
be accomplished by placing various types of AGOT graphite test specimens
in channel No. 140, where conditions will be the most severe with respect =
to neutron flux and temperature (see Chap. 1). The specimens will be
placed in graphite sleeves similar to those used for the fuel assemblies
and can therefore be handled by the service machine. A schematic drawing -
of a graphite surveillance assembly, which indicates the relative posi-
tions of the graphite specimens and the other components, is shown in Fig.
3.8. The specimens will be identified and arranged in seven layers sepa-
rated by graphite spacers within each assembly.

The surveillance program calls for removal and testing of 21 sets of
specimens over a 20-year period, one set after each of the first two 6-

month periods and annually thereafter. Vacated positions in the assemblies
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" Fig. 3.8. Graphite Surveillance Assembly (Schematic) Showing Posgi-
tions of Test Specimens and Position of Orifice at the Bottom.

will be filled with "dummy" specimens in the interest of over-all struc-
tural stability.

Temperature measurements will be made by the "melt-wire" method; there
are no provisions for instrumenting the graphite surveillance channel for
temperature measurements by thermocouples. Ten metals or alloys with low
neutron-absorption cross sections and known melting temperatures were

selected to cover the range 200 to 650°C in 50°C increments. Wires of
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these materials will be placed in the center of each assembly in special
graphite holders that serve as spacers. An estimate of the maximum tem-
perature achieved will be made by visual examination of the wires upon
removal of the assembly. Flux monitors for the graphite surveillance chan-
nel are being considered.

The test program has been planned under the assumption that the speci-
mens can be handled outside hot cells with appropriate precautions. Brief

descriptions of the planned tests are given below. -

Test Program

Dimension and Weight Measurements., The weights and dimensions of all

test specimens will be recorded before and after exposure. In addition, »
certain specimens will be measured and weighed at each scheduled removal
and returned to their original positions. Specimens cut with longitudi-
nal axes both parallel and perpendicular to the extrusion direction will

be represented.

Room-Temperature Tensile Properties. Load-elongation curves will be

prepared for axially loaded tensile specimens to determine the fracture

stress, fracture strain, and modulus of elasticity. The limited space

available and the large number of samples required to give a statistically

meaningful measurement necessitate that tensile properties be measured v
only parallel to the extrusion axis.

Irradiation-Induced Creep. The permanent set in prestressed speci-

mens of the type shown in Fig. 3.9 will be measured. These data will be »
used to determine the irradiation-induced creep characteristics of the
moderator graphite.

Oxidation Rate in Air. The oxidation rate of irradiated graphite

specimens will be determined in flowing air and compared with the oxida-
tion rate of unirradiated specimens taken from the same graphite stock.
Oxidation rates will be determined at several temperatures up to 650°C.

Thermal Expansion. The coefficient of thermal expansion will be

measured over the temperature range 25 Lo 1000°C on specimens with axes

both parallel and perpendicular to the extrusion direction.
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! Fig. 3.9. Specimen for Determination of Irradiation-Induced Creep
in Graphite.

Thermal Conductivity. The thermal conductivity of irradiated graph-

ite in directions both parallel and perpendicular to the extrusion direc-
tion will be measured on cubical specimens.

Stored Energy. Both the total stored energy and the temperature de-

pendence of stored energy release will be determined by heat of combustion

and adiabatic calorimeter techniques, respectively.

Quench and Compression Tests of EGCR Fuel Bushings

C. Michelson J. L. Scott

Examinations of capsules containing EGCR prototype fuel bushings that
had been irradiated in the ORR poolside facility indicated a tendency of
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these bushings to chip and crack, particularly at the edges formed by the
intersection of the flats and the outer cylindrical surface. During re-
peated thermal cycling, many chips formed and migrated into the annulus
between the bushing and the cladding and produced easily detectable pro-
trusions and ridges on the cladding surface. Excessive cracking at some
bushing-to-bushing interfaces plus external pressure on the cladding also
produced localized collapse of the bushings and visible depressions in the
cladding. An out-of-pile study of these problems was initiated, and the
results of tests of bushing performance under repeated severe thermal cy-
cling and under axial loading are reported here.

One out-of-pile test performed during the development of fuel for the
ECGCR consisted of successive heatups of a capsule to 1500°F followed by a
water quench. Although admittedly a severe test, it was performed at that
time on ORNL-fabricated U0, bushings to demonstrate the effect of a maxi-
mum possible thermal shock. After 100 quenches, radiographs of these
bushings showed radial cracks from surface to center and a few axial cracks,
but there were no fine chips and no U0, fell down the central void in the
bushings. In view of this prior favorable test experience, the quench test
was selected for evaluating the gross effects of severe thermal cycling on
fuel bushings fabricated for the EGCR fuel loading. A cross section of a
quench-test capsule is shown in Fig. 3.10.

The first quench-test capsule (XP-TCA) was loaded with fuel bushings
from the batch used in the irradiated capsules (ORNL inspection batch
No. 3008), and it was subjected to 50 quench cycles. The radiographs
shown in Fig. 3.11 were taken at the end of O, 10, and 50 cycles. De-
terioration of the bushings along the external cylindrical surfaces was
detectable at the end of 10 cycles and was pronounced at the end of 50
cycles, The fines produced by surface deterioration filled gaps between
the bushings and the capsule cladding and formed ridges and protrusions
in the cladding during subsequent thermal cycling. Deformation of the
cladding was visible at the end of three cycles and continued throughout
the test. Diametral growth of 0.030 to 0.050 in. was measured in the
region of severest ridging at the end of 50 cycles. An axial growth of

1/4 in. occurred during the test.



UNCLASSIFIED
ORNL-_R-DWG 76006R

UNCLASSIFIED
FFOTO 30397

MgO

51

UO, BUSHINGS

10 CYCLES 50 CYCLES

BOTTCM

O CYCLES

Radiographs of Capsu_e XP-TCA

Pig. 3.11.
Before Quench Cycling and After 20 and 5C Cycles.

Cross-Secticn of Quench Test
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Capsule.
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After dimensioning and radiographing, the cladding on capsule XP-TCA
was bisected on a milling machine. The interior of the capsule is shown
in Fig. 3.12. The surface deterioration noted on the radiographs appeared
as gross chipping of the outer cylindrical surfaces. The capsule elonga-

tion appeared as headspace at the top. One favorable observation was the
ability of the UO, bushings to lock into place instead of falling into

the central void.

In order to confirm the previous favorable experience with the quench
test, a second test capsule (XP-TCB) was loaded with ORNL-fabricated fuel
bushings (ORNL inspection batch No. 3005). These bushings had the same in-
side and outside diameters as the EGCR bushings but were 3/8 in. instead
of 3/4 in. long and had flat faces instead of dished faces. In all other
respects, capsule XP-TCB was identical to capsule XP-TCA, including the
elimination of all headspace.

Capsule XP-TCB was subjected to 50 quench cycles, and the radiographs
shown in Fig. 3.13 were taken at the end of 10 and 50 cycles. No degrada-
tion of the U0, was observed at the end of 10 cycles. After 50 cycles
some axial cracks were detectable, but no deterioration of the cylindri-
cal surfaces was evident. Ridges became visible in the cladding after
several cycles,‘but they did not grow appreciably during the test. A
diametral growth of 0.005 to 0.015 in. was measured in the region of
severest ridging at the end of 50 cycles. Noises heard when shaking the
capsule indicated that some fines were present and that the bushings were
free to move. An axial growth of 1/2 in. occurred during the test.

The interior of capsule XP-TCB is shown in Fig. 3.14. The rather
disorganized appearance of the bushings is due to penetration of the
milling cutter. The significant aspect is the absence of surface deterio-
ration such as that present in Fig. 3.12. Tach piece of U0, was examined
for surface damage, but none was found. Fragments of the ORNL-fabricated
bushings demonstrated a marked ability to key into place, as evidenced by
the freedom of the bushings to move within the capsule without fragments
falling into the central void.

The results of these two quench tests verified the unusual behavior
of the EGCR bushings noted following the irradiation tests. A subsequent

investigation of possible bushing and cladding interactions indicated

Al
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Fig. 3.12. 1Interior of Capsule XP-TCA after 50 Quench Cycles.
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Fig. 3.13. Radiographs of Capsule XP-TCB After 10 and 50 Quench
Cycles.

that the principal contributor to EGCR bushing damage was the axial com-
pressive force produced by the cladding during the thermal quench. Simi-
lar bushing damage could be expected because of end constraints when the
UO, is heated rapidly in the reactor.

A third test capsule (XP—TCE) was built to demonstrate that axial
constraint produced the bushing damage in capsule XP-TCA. 1In this cap-

sule a headspace of 0.090 in. was provided to remove the end constraints;
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otherwise the capsule was identical to capsule XP-TCA in all respects.
Capsule XP-TCE was subjected to 50 quench cycles. Ridges formed on the
cladding after several cycles, but they did not expand significantly dur-
ing the test. The capsule grew about 5/32 in,

An interior view of capsule XP-TCE is shown in Fig. 3.15, the signifi-
cant aspect of which is the absence of surface chips and the type of de-
terioration shown in Fig. 3.12. Each bushing was examined, but no chips
were found. Considerable milling-cutter damage did occur, however. L

A fourth capsule (XP-TCF) was tested to verify that the bushing dam-
age observed in capsule XP-TCA occurred during the first few thermal
cycles. This capsule, which was identical to capsule XP-TCA, was sub-
jected to three quench cycles. Severe ridges and protrusions were detect-
able after the second cycle. Subsequent bisection of the cladding showed
that the predicted gross chipping along the outer surfaces did occur dur-
ing the first three cycles.

After identifying the axial compressive force as the principal dam-
age mechanism, it was necessary to determine the individual bushing fea-
tures that made them susceptible to damage. To accomplish this, a series
of 29 compression tests was performed on ORNL-fabricated and EGCR bush-
ings to study their response to axial loading. For these tests, three or
more bushings were placed in a length of capsule tubing (EGCR size) and »
compressed in a hydraulic press. Total loads of up to 2000 1b were ap-
plied. This is the maximum load that room-temperature capsule tubing can
apply between end constraints before yielding, and thus represents an *
upper limit on the axial compressive force in a test capsule or fuel ele-
ment using EGCR-type cladding.

For the first series of compression tests, EGCR bushings from the
batch used in capsule XP-TCA were placed in a 2-in. length of capsule
tubing and compressed with loads of 200 to 2000 1b. At 400 1lb, visual
inspection disclosed a small amount of chipping along the edges formed by
the intersection of the cylindrical surface and the end faces. At 800 1b
the chips were larger and more numerous. In the range of 1000 to 2000 1b
most of the bushings formed many large chips, some extending the full axial

length. The amount of chipping at reduced loads varied considerably, but
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Fig. 3.15. Interior View of Capsule XP-TCE After 50 Quench Cycles.
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the surface degradation was of the same general type as observed with simi-
lar bushings during the quench tests.

A preponderance of chips along the edges formed by the intersection
of the cylindrical surface and the end faces prompted a careful examina-
tion of this area. It had been assumed that the bushing faces were dished
to a depth of approximately 0.005 in. at the inner surface of the bushing
and that the diameter of the dish was approximately 0.600 in. This should
have left a relatively flat area approximately 0.053 in. wide between the
dish and the outer cylindrical surface.

Depth measurements on several bushings showed the end faces to be
dished to a depth of 0.005 to 0.007 in., but in many cases the dish ex-
tended to the bushing outer edge and thus provided line or multiple-point
contact along the outer edges. In some cases a small flat area was de-
tected, but numerous surface irregularities resulted in multiple-point
contact with adjacent bushings. It was along these lines and points of
contact that most of the chips and fractures initiated under axial load-
ing.

A second series of compression tests was therefore performed to
evaluate possible beneficial effects of removing the line or multiple-
point contact by creating a smooth, flat, contact surface. Bushings were
selected from the batch used in capsule XP-TCA, and the end faces were
deburred until a flat approximately 0.050 in. wide was achievecd. When
these bushings were compressed, fracture occurred at 1800 1lb, and some
fines were formed. The significant point was that the absence of chipping
and flaking at lower axial loads alleviated the problem of the formation
and migration of fines into the interface between the bushings and the
cladding.

A guench capsule (XP-TCG) was then tested to verify the beneficial
effects of deburring the fuel bushings. This capsule was identical to
capsules XP-TCA and XP-TCF, except for the use of deburred bushings. The
interior of the capsule is shown in Fig. 3.16 after being subjected to
three quench cycles. The bushings were essentially undamaged. Only the
bottom bushing was cracked, and no new chipped surfaces appeared on the

other bushings.
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Since bushings from many oxide blends were being fabricated for the
EGCR, it was necessary to evaluate their behavior under similar test con- -
ditions. The test results were essentially the same. In the as-received
condition, all bushings cracked and chipped at the edges when compressed
with 200- to 400-1b loads. In all cases, such chip formation was signifi-
cantly reduced by deburring the bushing faces. Although most bushings
fractured upon loading to 1200 to 1800 1lb, there were significant differ-
ences in the nature of the fractures. Bushings fabricated from some oxide
blends demonstrated a marked tendency to form numerous fines during frac-
ture.

After completing this phase of the investigation, a die modification
was made by the bushing vendor to provide uniform contact at the bushing-
to-bushing interfaces. The modified die produced bushings with a uniform
flat surface 0.025 to 0.050 in. wide extending inward from the outer cy-
lindrical surface. The flat surface was tapered slightly toward the outer
edge to shift the contact between adjacent bushings to a broadly defined
line inward from the bushing edge. This line became the high point on
the bushing face and was approximately 0.001 in. higher than the bushing
face at the outer edge. A production sample from this new die demonstrated
satisfactory performance in the compression test. No chips formed below
an initial compressive load of 1200 to 1800 1lb.

The modified bushing faces were also tested in contact with unmodi-
fied faces to determine whether the inverse taper was sufficient to pre- =
vent bushing-to-bushing contact along the outer edge. The test results
demonstrated the feasibility of this arrangement. In nearly all tests,
no chips formed below a compressive load of 1200 to 2000 1b for the bush- -
ing stack. The results demonstrated the desirability of alternating modi-
t'ied and unmodified bushings to obtain a reasonably chip-resistant arrange-

ment.

Manufacture of the EGCR Fuel Assemblies

G. M. Tolson

As of March 1, 1963, 756 EGCR fuel assemblies had been received and

accepted at ORNL. About 100 more assemblies were at Lhe vendor's plant
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awaiting final inspection or shipment. The gssemblies are being manufac-
tured by the Westinghouse Electric Company, Atomic Fuel Department, at
Cheswick, Pennsylvania.

Pressing and sintering of the UO, fuel bushings were halted for ap-
proximately three months during this period because of the problems de-
scribed in the preceding section. Production has been resumed with the
modified fuel bushings.

The vendor is now making a precise dimensional inspection‘of 30 spe-

cial fuel assemblies destined for thorough postirradiation examination.

LIGCR- Welding Assistance

G. M. Slaughter

Arrangements were completed for the dissimilar-metal welds in the
EGCR primary coolant system to be made at ORNL. Estimates of the cost of
the task were prepared, and a purchase order was placed with the Inter-
national Nickel Company for the necessary welding electrodes. Welding
will be initiated as soon as the component pipes arrive from the manu-

facturer.

Nondestructive Evaluation of EGCR Graphite Cylinders

R. W. McClung

Several 4 l/2-in.-diam, 5-ft-long graphite cylinders were evaluated
by radiographic, eddy-current, and ultrasonic methods prior to destructive
testing. The pieces tested were removed from the EGCR moderator columns
when the fuel channels were machined.

Calibration tests indicated that a radiographic technique was appli-
cable for the detection of voids having dimensions greater than 0.045 in.
and cracks or laminations oriented sufficiently parallel to the x-ray
beam axis. During the inspections, no voids were detected but several
small crack-like indications werevnoted.

A phase-sensiti#e eddy-current scan was performed to detect nonlami-
nar discontinuities near the surface. One cylinder was scanned both heli-

cally and longitudinally with circumferential indices. The helical scan
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was determined to be the most sensitive tc longitudinal defects and was’
used on the remaining cylinders. Longitudinally machined notches were
used for calibration. Those which were 0.100 in. or more in depth were
readily detected. Although no direct relation has been established be-
twéen these notches and actual discontinuities, they do provide a qualif
tative indication of flaw size. The scan recordings revéaled consider-
able variation in electrical conductivity in each cylinder but nothing
that could be readily identified as an abrupt disconfinuity, such as a
crack. ’ \

Both pﬁlse—reflection and through-transmission ultrasonic inspection
'techniéues were applied to the cylinders. In both cases the variable
ultrasonic attenuation and the inhomogeneous ultraéonic ﬁroperties created

so many signals that interpretation was impossible.
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4. TRRADIATION TESTING OF COMPONENTS AND MATERIALS

D. B. Trauger 0. Sisman

\:‘,.

Instrumented Fuel Element Irradiations in GCR-ORR Loop No. 1

J. K. Franzreb

ORR gas-cooled loop No. 1, which was designed to test metal-clad fuel
elements, has now been in continuous service for 22 months. To date, the
loop has been used for evaluating EGCR pressure-vessel steel weld metal
spgcimens, Tuel elements that simulate those of the EGCR first coré design,
EGCR instrumented fuel elements, and new elements having roughened sur-
faces applicable to future designs, including the second core for the EGCR.
The eight ‘instrumented fuel elements that have been tested operated in
the power range 21,000 to 42,000 Btu/hr-ft. The reliability of the loop
has been excellent, and the helium and water leaks encountered earlier
have largely been eliminated.

Two fuel elements tested in the loop are now known to have leaked
during irradiation. ZElement No. 7C was observed to have four pin-holes
randomly spaced in the cladding upon examination in the hot cell. Ele-
ment No. 9 had & section of small tubing connegted to the top end cap to
facilitate sampling for fission-gas-release determinations in the hot cell,
and a leak was found in this tubing following irradiation. It is signifi-
cant to note that during loop operation with these elements, the radio-
activity in the piping was not great enough to be detected by radiation
monitors sensitive to 1 mr/hr measured at pipe-wall contact. Very small

133 yere found by gamma-ray spectrometer analysis of gas

amounts of Xe
samples taken from the loop. Beta-gamma activity inside the compressors

at shutdown was approximately 20 mr/hr, compared with 10 mr/hr following

operating periods with no fuel element leakage. This indicates that leak-
ing, ruptured, or ventilated elements may constitute a much smaller prob-
lem than supposed earlier. 1In fact, this experience indicates the desir-
ability of further tests in the loop with deliberately vented elements to

determine whether such elements can be used in the EGCR. Ventilation

would permit the use of thinner cladding and an improved fuel element design.
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Fuel elements with roughened surfaces have also been tested in the
loop, one for a single ORR cycle'and a second for two cycles. The per-
formance of these elemehts, Nos. 8 and 8S, is compared with that of a
smooth surface element, Né. 9, in Table 4.1. These elements were of ap-
proximately the same power ratiﬁg and general design and were tested under
similar conditions of maximum cladding temperature and gas flow in the
loop. It is apparent in Table 4.1 that a significant improvement in heat
t?ansfer is achieved with the roughened surface elements. Additional
tests will be conducted with new elements operating at higher specific
powers to further evaluate the potential of the roughened surface elements.

- ' -

Table 4.1. Comparison of Performance of Fuel Elements 8, 83, and 9

Cladding material: type 304 stainless steel
Cladding outside'diameter: 0.750 in. .
Cladding wall thickness: 0.020 in.

Element heat rate: 40,000 + 2,000 Btu/hr-ft
Maximum cladding . temperature: 1500°F

Difference Gas
Cas Exit Between Temperature Central
Element . Cladding and. Rise from " Fuel
No. Cladding Surface Temfiigture Gas Exit Inlet to Temperature:
. Temperature - Qutlet (°F) -
(°F) (°F)
9 Smooth 920 540 230 2400
Roughened with = -~ 1100 400 210 2400 "
0.0063-in.--diam ' '
wire at a 0.090-
in, pitch
88 . Roughened with 1250 250 220 (a) -

0.0063-in. -diam
wire at a 0.040-
in. pitch

aThermoqouple failed. -

Fueled Capsule Irradiations in ETR

F. R. McQuilkin

i

Cépsule E-8, which is an EGCR prototype-diameter specimen, was dis-

charged from the ETR February 18, 1963. Irradiation of the remaining ten
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capsules continues. A summary of the status of the program at the end of
ETR cycle 52 (Feb. 18, 1963) is presented in Table 4.2.

When discharged, capsule E-8 had only one operating thermocouple.
Although continuation of irradiation would have been acceptable under spe-
cial operating procedures, the capsule was discharged for examination to
obtain comparisons with capsule E-6 and ééﬁsules E-1A and E-4, which had
1,2 Capsule E-5, which was scheduled for removal, will remain
in the reactor to achieve the high burnup scheduled for capsule E-8.
Since capsule E-5 now has a higher burnup than capsule E-8, the time re-
quired for obtaining the original target burnup of 13,000 Mwd/MT for one
capsule has been decreased. Capsule E-8 had operated appreciably above
the rated design power during portions of its irradiation, as had capsule
E-1A, E-4, and E-6; however, capsule E-8, which was fueled with hollow
pellets, was the only one operated with a cladding surface temperature of
1600°F.

Fueled Capsule Irradiations in ORR Poolside Facility

V. A. DeCarlo F. R. McQuilkin

Capsules 03-6, 05A-6, and 06A-6 were discharged from the ORR poolside
irradiation facility during this reporting period. Operating data for
these capsules, which contained EGCR fuel specimens, are presented in
Table 4.3. Capsules 03-6 and 05A-6 were replaced with capsules 03A-6 and
05B-6. Capsule 03A-6 is a duplicate of capsule 03-6, but it is operating
at a maximum cladding temperature of 1300°F, as comparcd with 1600°F for
capsule 03-6. Capsule 05B-6 is similar to capsule 05A-6, except that it
contains UO, pellets prepared from virgin U0, powder and the outer edges
of the dished ends were ground flat to obtain lands 0.002 to 0.005 in.

wide. The pellets in capsule 05A-6 were fabricated from reprocessed fuel

1F. R. McQuilkin, Fuel Capsule Irradiations in ETR, pp. 61 and 63,

"GCRP Quar. Prog. Rep. March 31, 1962,'" USAEC Report ORNL-3302, Oak Ridge
National Laboratory.

°F. R. McQuilkin, Fuel Capsule Irradiations in ETR, pp. 93-95, "GCRP

Semiann. Prog. Rep. Sept. 30, 1962," USAEC Report ORNL-3372, Oak Ridge
National Laboratory.



Table 4.2. Status of EGCR Prototype-Diameter Capsule Irradiations in ETR Through Cycle 52

Fuel Design Design Total Burnup Ratio of Actual Power
. A y : a .
Capsule Cladding Eff;ctive T;irmal B;;:ug (Mwd/MT of U0, ) to Design Power Discharge
No. Number of —emperature br ro; 28 ) (Mw/ﬁT Estimated Cycle  Bte
umber o o neutrons/cm~ - sec } . -
Type Pellets (°F) of U0z ) Target % .1b Meximum Minimum %5
Capsules Currently Operating
EL Solid 10 1600 max 4.2 X 103 12.71  .6,000. 4,400 1.12 0.38 0.73
EZ Solid 10 1300 av 4.2 x 10%3 12.70. 13,000 2,500 0.60 0.19 0.50
3 Solid 10 1600 max 4.2 x 1013 12.70 13,000 5,000 1.11 0.20 0.99
E4R Solid 10 1300 av 4.2 x 1013 12.91 6,000 3,920 0.97 0.23 0.80
E5€ Hollow 12 1300 av 3.7 x 10t3 16.55 6,000 7,300 0.99 0.41  0.96
E5R Hollow 12 1600 max 3.9 x 103 16.68 6,000 5,700 1.17 0.43 0.76
E7C Hollow 12 1300 av 3.6 x 1013 16.25 13,000 10,200 1.70 0.71  0.90
E10 Central 12 1600 max 3.7 x 10%3 16.09 6,000 5,900 1.06 0.25 0.88
BeO rod . .
E1l Central 12 1300 av 3.9 x 10%3 16. 47 6,000 4,300 0.79 0.25 0.63
’ BeO rod
E12R Hollow 12 1600 max 3.9 x 1013 16.47 13,000 3,400 0.98 0.63 0.63
) Discharged Capsules
E1€ Solid 12 1300 av 4.3 x 1013 12.8 1,000 6304 10-18-59
E1AC Solid 11 1300 av 4.3 x 1013 13.1 3,000  5,050% 1.61 0.76 1.61 10-2-61
E4C Solid 10 1300 av 4.3 x 1013 13.1 6,000 7,3008 1.66 0.75 1.35 3-21-62
E6° Hollow 12 1300 av 3.7 x 1013 16.5 6,000 7,550 1.49 0.57  0.95 9-19-62
E8 Hollow 12 1600 max 3.6 x 1013 16.24 13,000 6,900 1.27 0.24 0.95 2-18-63
F9° Central 12 1300 av 3.6 x 103 16.3 3,000  2,300¢ 1.20 0.73 0.73 11-2-60
BeO rod
B12 Central 12 1600 max 3.9 x 1013 16.5 13,000 1,140 0.46 0.34  0.41 6-7-61
BeO rod ‘

bBurnup estimated as of Feb. 18, 1963 based on temperature measurements, except where noted.

aDesign power rating for ETR capsules is 35,0C0 Btu/hr-lin ft.

“These capsules were fabricated with a 0.005-in. gas gap.

dBased on Csl37,
€Based on Cel44.

s
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Table 4.3. Summary of Operating Data for Capsules 03-6, 05A-6, and 06A-6 Fabricated from
Westinghouse EGCR Tubing and Westinghouse-Fabricated Fuel

Type of capsule: eight UO, pesllets in type 304 stainless stesl tubing
Maximum cladding outer surfacs pressure: 300 psig

Estimated fuel central temperature: 2200°F

Calculated effective thermal-neutron flux:
Fuel density: 95.44% of theoretical

Fuel enrichment: 2.46% U233

Fuel oxygen-to-uranium ratio: 2.001
Total calculated power: 30,000 Btu/hr-ft
Total heat flux: 152,860 Btu/hr:ft?

1.62 x 1013 neutrons/cm?.sec

Capsule number 03-6

Origin of fuel specimen Virgin material
Tuel batch identification 3008
Irradiation starting date ' 9-23-62
Irradiation ending date 11-25-62

Irradiation time normalized to operation 51.9
for 30 Mwd

Calculated total burnup, Mwd/MT of UO, 721
specimen
Burnup rate, Mw/MT of U0, per day at 13.9
full power
Cladding outer surface temperature, °F
Design maximum 1600
Highest reading for entire run 1610
Lowest reading for entire run 1330

Average reading for entire run 1480

05A-6

Reprocessed material
3013

11-25-62

1-13-63

41

570

13.9

1600

1600

1180
1420

064-6

Feprocessed material
32013

11-25-62

1-13-63

41

L9

570

13.9

1600
1600
1165
1415
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and the dished ends were not ground to obtain flat edges. - The other group

VI capsules are described in Chapter 6, this report.

Examination of Irradiated Capsules and Fuel Elements

J. G. Morgan  H. E. Robertson
D. F. Toner E. L. Long, Jr.
M. F. Osborne C. D. Baumann

ORR-Irradiated EGCR Prototype-Diémeter Capsules 02-5 and 07-5

Capsules 02-5 and 07-5 were irradiated for about 5 months in the ORR
poolside facility at an average cladding temperature of 1400°F. Prelimi-
nary postirradiation examination revealed several failure areas in the
cladding and the pressure-transducer capillary tubing.3 These failures
were confirmed when Cs'37 activity was found in the NaK coolant, and
metallogfaphic sections were taken at some of the failed areas. Dimen-

. sional data for each fuel element showed that the maxium deviation from

preirradiation diameters was 0.005 in., except at depreséions associated
with missing fuel. Capsule 02-5 had a 0.012-in. bow, and capsule 07-5°
had a 0.016-in. bow, both at midplane. ,

When these capsules were sectioned, NaK was found inside. The frac-
“tured capillary tubes were the most probabie points for Nak entrance, al-
though NaK may have been forced through holes in the cladding. Sﬁudies
are currently under way to determine the size of hole required to allow
NaK passage at a pressure of 300 psig. The fractured pellets from the
lower half of capsule 02-5 are shown in Fig. 4.1.  The éévére fracturing
shown is irregular and may be associated with the method of pellet fabri-
cation. A similar fracture‘paftern was found in capsule 07-5 (Fig. 4.2).
The pellets in both of thesé‘capsules were taken from Westinghouse pro-
duction batches. A depréssion in the cladding, which was reported pre-
vibusly,l may be seen at the pelleﬁ-to-pellet interface in Fig. 4.2. Al-
though the UO, in both elements was severely fractured, no UO, was found

at the bottom of the central void, as previously suggested.1

3J. G: Morgan et al., Examination of Irradiated Capsules, pp. 95-100,
"GCRP Semiamn. Prog. Rep. Sept. 30, 1962," USAEC Report ORNL-3372, Oak
Ridge National Laboratory. '
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UNCLASSIFIED
R-10441

Fig. 4.1. Cracked U0, Pellets in Capsule 02-5. The central void
filled with epoxy resin. Mating halves of the capsule are shown.

UNCLASSIFIED
0

Fig. 4.2. Cracked U0, Pellets from Capsule 07-5. The depression
fracture pattern at the pellet-to-pellet interface is indicated by
arrow. Mating halves of the capsule are shown.
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Burnup was determined by radiochemical analyses for Cs137, Ce144,
and 7Zr2? on specimens from the mid-length of both capsules. The values
for these three isotopes respectively were 1711, 1424, and 1746 Mwd/MT
of uranium for capsule 02-5 and 1637, 1367, and 1600 Mwd/MT of uranium
for capsule 07-5. The Cel%#% value was low in both cases and is thought
to be wrong.

Metallographic Examination of Capsule O02-5. A metallographic exami-

nation was made of the capillary tube that had fractured at the juncture
with the pressure-sensing transducer of capsule 02-5. The fracture re-
gion is shown in Fig. 4.3. The examination revealed several facts: (l)
the end of the capillary tubing that was attached to the transducer had
been drilled off center prior to assembly and as a result the wall thick-
ness in one area was approximately one-half the original thickness; (2)
the tubing was probably type 347 stainless steel rather than type 304
stainless steel; (3) the failure did not occur in a weld, as was pre-
supposed; (4) the fracture was a rapid, ductile break and occurred while
the capsule was in the reactor, as evidenced by the absence of twinning
and creep cracks and by the presence of recrystallization along the frac-
ture surfaces.

A transverse section of the cladding about 2 in. from the bottom of
the capsule was examined for a leak that was observed during leak test-
ing in the hot cell. Although the actual leak was not found, a region
was found in the cladding where many intergranular voids were present.
The cladding was slightly deformed in this region. This region and a
typical region of the cladding are shown in Fig. 4.4. Other regions ex-
amined included the top end plug welds and brazed joints and the capil-
lary sleeve joints. These specimens contained leak-suspect areas, but
no leaks were found metallographically.

Metallographic Examination of Capsule 07-5. A metallographic exami-

nation was made of a depression found in the cladding near the bottom of
capsule 07-5. A longitudinal section through the depression did not re-
veal a continuous break through the cladding; however, the frequency of
intergranular voids was high. Most of the intergranular voids were paral-
lel to the surface of the cladding. A portion of the depression is shown

in Fig. 4.5. Deformation of the cladding ranged from 4 to 10% on the
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Fractured Capillary Tube that Connected
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Ziw 3
ansducer to Capsule 02-5. (a) Note difference in wall thick-
Note small grains along fracture. Etched.
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Fig. 4.4. Areas from Transverse Sections Through the Type 304
Stainless Steel Cladding of Capsule 02-5. (a) Region near a leak; note
intergranular voids. (b) Typical appearance of cladding. Etched. -
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Fig. 4.5. Portion of Lengitudinal Section Through the Depression in
the Cladding of Capsule 07-5. Etched.
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outer surfaces in the depressed region. Intergranular separation normal
to the surfaces of the cladding was observed at the edges of the depres-
sion.

A longitudinal section was made through the top end plug in order to
examine the capillary tube brazed Jjoint, which apparently leaked during
the in-cell leak test. While lapping the longitudinal section, it was
found that the capillary tube was not parallel to the long axis of the
capsule but, rather, was slanted about 15°; thus examination of the en-
tire braze was impossible. A fracture was found in the braze, however,
that originated at the outer surface of the top end plug and penetrated
the braze to a depth of at least 0.08 in., that is, slightly less than
one-half the thickness of the end plug in this region. The fracture in
the brazed joint is shown in Fig. 4.6.

Sections through the lead tube weld, the capillary tube sleeve, and
the plug head from the lead tube were examined for leaks. None of these

areas showed evidence of actual or potential failure.

ORR-Irradiated French Capsules 04-5 and 05-5

Two thin-walled type 347 stainless steel-clad UO,-fueled capsules fab-
ricated by the French Commissariat a 1l'Energie Atomique were irradiated
in the ORR poolside facility. These capsules were about 6 in. long and
0.46 in. in diameter, and they contained solid UO, pellets about 0.4 in.
long and 0.43 in. in diameter. The irradiation conditions are listed in
Table 4.4. During irradiation, temperature oscillations of +100°F and
#50°F occurred in capsules 04-5 and 05-5, respectively, because of un-
stable heat transfer conditions in the NaK coolant.

The postirradiation examination of capsule 04-5 revealed that even
burnup had been obtained. No separations between pellets were noted, and
dimensional stability during irradiation was excellent. No changes in
length or diameter were noted, except for a 0.002-in,-diam collapse of
the cladding in the midsection of the fuel column. Two pinhole leaks
were found in the cladding by noting a stream of bubbles when the capsule
was submerged in oil under vacuum. These leaks, which were not found
during metallographic examination of the failure areas, were substantiated

by analysis of a white deposit between the fuel and cladding in the area
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Fig. 4.6. Longitudinal Section Through Capillary Tube to Top End
Plug Brazed Joint of Capsule 07-5. Etched.

of one of the leaks (see Fig. 4.7). The deposit was principally sodium,
potassium, iron, chromium, and nickel. The sodium and potassium were
probably present because of NaK leakage into the capsule.

The results of the postirradiation examination of capsule 05-4 were

identical with those for capsule 04-5 except that no leaks or white deposits
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Table 4.4. Conditions of ORR Irradiation of French
Capsules 04-5 and 05-5

Capsule 04-5 Capsule 05-5

(CEA I-4) (CEA I-1)
Cladding thickness, in. 0.0126-0.0134 0.0118-0.0126
Cladding temperature, °F
Maximum 1370 1270 -
Average 1140 1154
Cladding outer surface pressure, psig 850 850
Thermal-neutron flux, neutrons/cm?-sec 5.4 % 1042 4.8 x 1013
Burnup, Mwd/MT of U 7470 7610 ;
_— wo ~ ~ UNCLASSIFIED =
L “ R-11188
£y
Fig. 4.7. U0, Pellets from Capsule 04-5 Showing White "NaK" Deposit.
were found. The pellets were cracked as in capsule 04-5, as shown in
Fig. 4.8. -

Samples of gas were removed from each capsule prior to sectioning,

and the mass spectrometer analyses of the samples are listed below:
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Gas Analysis (vol %)

Capsule 04-5 Capsule 05-5

Hy 0.23 0.60
He 2.45 4.31
CH,, 0.02 0.03
H,0 .56 3.48
Hydrocarbon 0.02

N, + CO 0.43 0.49
Oz Q.01 0.01
Ar 0.04 0.01
Kr 9. 92 9. 29
Xe 86.32 81,77

There 1s little difference between the two analyses, except for the high
water content in capsule 05-5, which has not been explained. The fission-
gas release was determined by measuring the Kr8> present in each capsule
and dividing by the total generated during irradiation. Capsule 04-5 re-
leased 3.3% of the Kr®> generated and capsule 05-5 released 5.4%. Some
of the gas from capsule 04-5 may have escaped through the cladding frac-

ture during irradiation.

- UNCLASSIFIED
R-1{1185

Fig. 4.8. U0, Pellets from Capsule 05-5. No white deposits are
visible on the pellets.
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Two specimens from an unirradiated control capsule were sectioned for
metallographic examination of a transverse section from near the mid-length
and a longitudinal section through the top portion. Longitudinal sections
through the top and bottom portions and transverse sections near the mid-
length were taken from each irradiated capsulef The longitudinal speci-
mens permitted examination of the end cap welds, Al;03 end spacers, and
the pellet-to-pellet interfaces. The clédding remained in place in each
section prepared metallographically.

An area from the transverse section of the unirradiated capsule is
shown in Fig. 4.9 that is typical of the UO, and the UO,-to-cladding inter-
face. Colonies of large grained UO, were found dispersed throughout the
unirradiated pellets that averaged 18 p in diameter; the remainder of the

UO, had an average grain size of 10 p. The grain colonies were a result

UNCLASSIFIED
Y-48426

INCHES

0.02

0.03

Fig. 4.9. 1Interface of U0, Pellet and Type 347 Stainless Steel from
a Transverse Section Through an Unirradiated Control Capsule Like Capsules
04-5 and 05-5. Etched.
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of blending two batches of U0, to achieve the desired enrichment of 1.9%.%
Areas through the top portion of the control capsule that illustrate a typi-
cal Al,05—U0,—type 347 stainless steel cladding interface and a pellet-to-
pellet-to-cladding interface are shown in Fig. 4.10. Flats, approximately
0.04 in. across, had been ground on the dished ends of the pellets; only
one end of each pellet was dished. The cladding had a measured grain size
of ASTM 10-11 and an average microhardness of 170 DPH (0.5-kg load).

The results of the metallographic examinations of the sections from
the two irradiated capsules, 04-5 and 05-5, were similar, with one excep-
tion. There was no evidence of deformation of the cladding at any of the
pellel-Llo-pellet Interfaces examined. Although there were many fractures
in the fuel pellets, no small pieces of U0, were found that had been dis-
lodged or had shifted at the pellet-to-cladding interfaces. A typical
pellet-to-cladding interface is shown in Fig. 4.11. In a few areas the
UO, adhered to the cladding; this indicated contact during irradiation.

An intermittent reaction product was found in the inner surface regions
of the cladding that is believed to have resulted from the fuel-to-clad-
ding contact. The reaction product, which was found to a maximum depth
of 0.001 in., was probably formed by an oxidation-reduction mechanism.
The reaction product and a metallic film between the reaction product and
the U0, can be seen in Fig. 4.12. The grain size and the microhardness
of the cladding remained unchanged. None of the cladding specimens ex-
amined, including the end cap welds, suggested potential failure.

Small, intergranular voids were found in the UO, at approximately mid-
radius and increased in size and frequency toward the center of the fuel
columns. The only signilicant microstructural differences in the two ele-
ments was seen in the UOy. In capsule 05-5, columnar grains and lenticu-
lar voids were found in the central region of the fuel column, which sug-
gested that the central temperature in this element was higher than had

been thought. It has been reported in the literature® that the type of

4A. E. Goldman, "Preirradiation Examination of CEA Group V ORR Cap-
sules No.'s 1, 2, 3, & 4," unpublished report, Oak Ridge National
Laboratory.

°V. B. Lawson and J. R. MacEwan, "Thermal Simulation Experiments with
a UO, Fuel Rod Assembly,” Canadian Report CRFD-915, March 1960.
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Fig. 4.10. Areas from a Longitudinal Section Made Near the Top of -
the Control Capsule. (a) A1,03-U0, -cladding interface. (b) U0, pellet-
to-pellet-to-type 347 stainless steel cladding interface. Etched.
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Fig. 4.11. Typical Pellet-to-Pellet-Cladding Interface from the
Bottom Portion of Capsule 05-5. Etched.

microstructure found occurs at a minimum temperature of 1600°C. Areas
from the outer, mid-radius, and central regions of the fuel columns of
both capsules are shown in Figs. 4.13 and 4.14. The grain size of the
UO, in the outer regions showed no increase in size compared with the
unirradiated fuel. The grain size of the UOp in the center of the fuel

pellets from capsule 04-5 measured 35 p and 28 u in capsule 05-5. No
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Fig. 4.12. Intermittent Reaction Product Found in Irradiated Capsules

04-5 and 05-5. Note metallic layer between reaction product and U0,. As
polished.

reaction products were present at the Al,03 end spacer-to-cladding-to-

UO, interfaces. Based on these comparisons of the unirradiated control
capsule with the two irradiated capsules, it is concluded that although
a leak was detected during the leak test and subsequent analysis of the

NaK coolant deposit, this failure of the cladding was not typical.

Instrumented Fuel Elements Irradiated in GCR-ORR Loop No. 1

Fuel Flement 7A. The disassembly, macro, and partial metallographic

examination of instrumented fuel assemby 7A has been reported.®,7 The

6D. F. Toner et al., Examination of Irradiated Capsules, pp. 9496,

"GCRP Quar. Prog. Rep. March 31, 1962," USAEC Report ORNL-3302, Oak Ridge
National Laboratory.

3. G, Morgan et al., Examination of Irradiated Capsules, pp. 111-117,

"GCRP Semiann. Prog. Rep. Sept. 30, 1962, " USAEC Report ORNL-3372, Oak
Ridge National Laboratory.
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Fig. 4.13. Areas from a Transverse Section Near the Mid-Length of
Capsule 04-5. Etched. (a) UOs—type 347 stainless steel cladding inter-
face. Note slight reaction between the U0, and cladding. (b) Area from
approximately mid-radius. Note increase in intergranular voids. (c)
Typical area from center of fuel column. Note size of intergranular voids
and increase in grain size. L
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Fig. 4.14. Areas from a Transverse Section Near the Mid-Length of
Capsule 05-5. Etched. (a) UOs—type 347 stainless steel cladding inter-
face. Note slight reaction between the U0, and cladding. (b) Area from
approximately mid-radius. Note increase in intergranular voids. (c)
Area from center of fuel column. Note increase in intergranular voids,

lenticular voids and subsequent columnar grains, and increase in grain
size.

78

*y



85

only portion of the examination of this element that has not been reported
is the result of metallographic examination of a specimen taken at the
bottom of the type 304 stainless steel insert that fractured during sec-
tioning. The bottom portion of the shroud was irradiated at a tempera-
turc estimated Lo be about LOOO°F and had rusted badly while in storage

in the pool of the ORR. Metallographic examination of the transverse
section taken at the bottom of the inscrt (Fig. 4.]5) revealed an inter-
mittent oxide that penetrated the outer surface to a maximum depth of

0.5 mil. Examination of the crack that developed during sectioning showed
severe intergranular separation and evidence of an intergranular corrosion
product. in the fracturc region (Fig. 4.15b).

Fuel Element 7C. The irradiation conditions and preliminary exami-

nation of fuel element 7C were reported previously.7 Subsequent post-
irradiation examination has included dimensional measurements, gamma
scanning, burnup determinations, leak checking, and metallography.

No changes in the diameter or length of the fuel element were ob-
served; however, a bow of 0.040 in. was found in the central portion.
The scan of gross gamma activity, shown in Fig. 4.16, indicates the varia-
tion of activity resulting from the different UO, enrichments in the pel-
lets. Comparison of the burnup data, given in Table 4.5, with the flux
pattern calculated from the gamma activity showed close agreement.

Four failures were found in the cladding when the element was sub-
merged in oil under a vacuum. Two holes were found 1/4 in. below the
top end cap and two were found about 3 1/2 in. above the bottom end cap.

133 getivity in

These failures were substantiated by the presence of Xe
the helium sweep gas during operation. The metallographic examination of
these failure areas is still in process.

During the examination of the experimental assembly in which element
7C was irradiated, loosely adhering rust was observed over the entire
length of the shroud. The formation of the rust was attributed to the
presence of water in the loading tube while it was in storage in the ORR
pool.7 A section was theretore made at the bottom of the shroud and pre-

pared for transverse metallographic examination. As shown in Fig. 4.17,

lack of grain-boundary integrity permitted entire grains to fall out of
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diated Fuel Element 7A. (a) Note intermittent oxide in outer surface
and (b) intergranular separation. Etched.
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ACTIVITY (arbitrary units)

CAPSULE LENGTH (arbitrary units)

Fig. 4.16. Gamma Scan of Instrumented Fuel Element 7C After Opera-
tion in GCR-ORR Toap Na. 1,

Table 4.5. Burnup Data on Irradiated Fuel Element 7C

Burnup (Mwd/MI of Uranium)

P;ilet Based on Cel#4 Analyses Based on Cst37 Analyses

Analysis 1 Analysis 2 Average Analysis 1 Analysis 2 Average

13 864 942 903 1141 106% 1104
29 Y13 713 713 870 945 907
by 691 717 704 861 897 879

the inner surface region of the shroud during metallographic preparation.

Such lack of grain-boundary integrity was observed in only three areas.

ETR-Irradiated EGCR Prototype-Diameter Capsules

Capsules E-4 and E-1A. The metallographic examination of capsule

E-4, which fractured during irradiation in the ETR, was completed. The
disassembly and macro examination of this capsule were previously re-
ported.8 Three metallographic specimens were taken from this capsule;
two transverse sections through the cladding fracture region, which in-
cluded the cladding and the fuel, and a longitudinal section of the clad-

ding at a pellet-to-pellet interface. Metallographic examinations were

8Tbid., pp. 106-108.
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Fig. 4.17. Area from Bottom Portion of the Shroud of Element 7C.
Lack of grain-boundary integrity is evident at inner surface. Etched. .

also made of unirradiated control specimens of the fuel and cladding
material. Photomicrographs of a transverse section through one of the ~
control pellets are shown in Fig. 4.18. The second phase evident in the
peripheral region of the UO, pellet was identified as primarily UN,, with
trace amounts of UN. A transverse section of the unirradiated type 304
stainless steel cladding is shown in Fig. 4.19. The microhardness of the
cladding averaged 158 DPH (0.5-kg load). The same materials?® were used
in capsules E-4 and E-1A, both of which failed during irradiation.
The microstructural features of both transverse sections from cap-

sule E-4 were similar. The outer surface, mid-radius, and edge of the

°R. L. Heestand and R. M. Evans, "GCR Irradiation Program Fuel Data
Summary, " unpublished data, Oak Ridge National Laboratory.
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Fig. 4.19. Transverse Section of Unirradiated Type 304 Stainless
Steel Cladding for Capsule E-4. Etched.

central void in the UO, pellet are shown in Fig. 4.20. The uranium ni-
tride phase present in the peripheral regions of the UO; fuel pellets be-
fore irradiation was not evident after irradiation. Although columnar
grains were observed in the inner two-thirds of the pellets in both cap-
sules E-1A and E-4, the lenticular voids normally associated with colum-
nar grain growth in UO, were not found in capsule E-4, except near the
central void. Voids were observed in the columnar grained UO, in capsule
E-4, but they were confined mainly to grain boundaries. There was no
evidence that the UO, had been molten during irradiation. The unidenti-
fied metallic globules near the central voids in the UO, from capsule
E-1A were also present in capsule E-4.

A longitudinal section through the type 304 stainless steel cladding
of capsule E-4 at a pellet-to-pellet interface and a transverse section
through the fracture are shown in Fig. 4.21. The fine precipitates in

the inner surface regions are believed to be nitrides from the uranium
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Tg. 4.21. Areas from the Type 304 Stainless Steel Cladding of
Capsule E-4. (a) Transverse section through a fracture region. (b)
Long-tudinal section adjacent to & pellet-to-pellet interface. Pre-
cipizate in inner surface regions believed to be a nitride. Chips of
U0, w=re found embedded in the cladding at a pellet-to-pellet inter-
face. Etched. 100X.
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nitride present in the UO,. The precipitate was more heavily concentrated
at the pellet-to-pellet interface than elsewhere in the longitudinal sec-
tion, which was indicative of the effect of stress on the development of

10 5150 made this observation.

the precipitate; McCoy and his co-workers
Closer examination revealed the presence of the fine precipitate along

the fraclure region shown in Fig. 4.22. Although sigma phase material

was observed in the grain corners in the outer surface regions of the
cladding, it is not believed that the presence of the sigma phase material
was a major factor in the cladding failure. A 5% reduction in wall thick-
ness at the fracture was measured, and most of the reduction occurred at
the outer surface region. The microhardness of the cladding was 170 DPH
at the outer surface, 180 DPH at the center, and 202 DPH at the inner
surface; all impressions were made using a 0.5-kg load. Attempts to iden-
tify the fine precipitate by x-ray diffraction have been unsuccessful so
far.

It is concluded that the primary causes of failure were essentially
the same for capsule E-4 as for capsule E-1A: (1) the formation of ni-
trides in the inner surface region of the cladding and (2) overheating of
the UO0,. Large amounts of UN, were present near the peripheral regions
of the unirradiated fuel pellets. The UN, apparently disassociated during
irradiation and released nitrogen. Consequently, nitrides were formed in
the type 304 stainless steel cladding. Although sigma phase material was
found in large quantities in the cladding, it was apparently not related
to the failure because the outer regions of the cladding were still rela-
tively ductile, as evidenced by the reduction in thickness in that area.
Furthermore, it is believed that capsule E-4 experienced a higher heat
rating than capsule E-1A sometime in the course of its irradiation history.
This would explain the increased depth of precipitate in the inner surface
regions of the cladding and the formation of columnar-grained UO, with-
out lenticular volds.

Capsule E-6. General examination of capsule E-6 disclosed nothing

unusual. Fabrication and irradiation data for capsules E-4 and E-6 are

10g, E. McCoy et al., "Effect of Enviromment on the Mechanical Prop-
erties of Metals," pp. 166—167 in Proceedings of the Institute of Environ-
mental Sciences National Meeting, April 5-%7, 1961, Washington, D.C.
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INNER SURFACE

Fig. 4.22. Fracture Region Shown in Fig. 4.21 at a Higher Magnifica-
tion. Note precipitate concentration along the fracture. Sigma phase o
material can be seen in some of the grain corners near the outer surface.
Ltched. 250X.

compared in Table 4.6. There were no obvious flaws in the cladding of cap-

sule E-6, and a leak test in an oil bath under vacuum indicated no leaks.

Dimensional measurements showed significant diameter changes, bul only

slight bowing. The eccentricity of the middle part of the capsule had s
increased from about 0.001 in. to a maximum of 0.058 in., with a net in-

crease in over-all size. There was no significant change in capsule
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length. The results of gas analyses indicated that a large fraction of the
fission-product xenon and krypton was released. Pending an accurate meas-
urement of fuel burnup, the Kr85 release from the fuel was estimated to be
about 17%. Upon capsule disassembly, the fuel pellets were each found to
be cracked into several pieces; however, there was no appreciable displace-
ment of the fuel, as shown in Fig. 4.23. The results of metallographic

examinalion of fuel and cladding samples will be reportcd latcr.

Table 4.6. Fabrication and Irradiation Data for
Capsules E-4 and E-6

s . a
Capsule Pellet Cladding Maximum Power Burmup
o. Type Temperature Level (MWd/MT of UO0»)
(°F) (% of design) -
E-4 Solid 1320 157 7300
E-6 Cored ~1300 106 ~7500

aBased on heat balance calculation.

UNCLASSIFIED
R-11840

Fig. 4.23. Transverse Section Through Capsule E-6, Showing Fourth
Fuel Pellet from Bottom End. Note pellet cracking without fuel displace-
ment. 3X.
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Instantaneous Fission-Gas-Release Experiments

R. M. Carroll J. G. Morgan =
P. E. Reagan M. T. Morgan

Thin-slab specimens of single-crystal UO, are now being irradiated
in the C-1 facility of the ORR. In the C-1 facility the specimens can be
positioned at different flux levels and temperatures can be independently
controlled.l! The fission gas is removed by a stream of inert gas, and
the neutron flux is measured by adding argon to this sweep gas.l2 The
initial results of the current irradiation experiment and in-pile electri-
cal measurements have been reported.t?,l4

All of the measured isotopes (Xel35, xel33, kr®8, kr87, and Kr85M)
are released from the single-crystal specimen with the same temperature
dependence. This is illustrated in Fig. 4.24, which gives the tempera-
ture dependence of the Kr88 release. The typical gas-release pattern -
shown in Fig. 4.24 was observed for all previously tested UO, specimens,
as well as for the single crystal. The temperature-independent release
is usually assumed to be from fission products recoiling free of the
specimen and the temperature-dependent release is assumed to be the re-
sult of diffusion. The temperature-dependent release has an activation

energy of 50 kcal/mole for the single-crystal UO, specimen.

Fission-Recoil-Activated Release

It has been shown that the proportions of isotopes in the fission

gas are characteristic of the manner in which the gas escaped from the

11R. M. Carroll and C. D. Baumann, "Experiment on Continuous Release °
of Fission Gas During Irradiation,” USAEC Report ORNL-3050, Oak Ridge
National Laboratory, Feb. 9, 1961.

12g, M. Carroll, "Argon Activation Measures Irradiation Flux Con-
tinuously," Nucleonics, 20(2), February 1962.

13R, M. carroll et al., Instantaneous Fission-Gas-Release Experiment,
pp. 116120, "GCRP Semiann. Prog. Rep. Sept. 30, 1962," USAEC Report
ORNL-3372, Oak Ridge National Laboratory.

l4M. D. Karkhanavala and R. M. Carroll, "In-Pile Measurement of the =
Electrical Resistivity and Thermoelectric Power of Sintered UO,," USAEC
Report ORNL-3093, Oak Ridge National Laboratory, April 1961.
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Fig. 4.24. Steady- -State Release Rate of Kr&® from Single-Crystal UO;
During Irradiation at a Thermal-Neutron Flux of 2.0 X 1013 Neutrons/cm?-sec.

specimen.15 Plots of the steady-state fractional release of the krypton

and xenon isotopes vs Llheir radioactive decay constaﬁfs are given in Fig.
4.25. In a'plot of this type, direct recoil emission results in a hori-

zontal line, whereas é‘mixture of recoil and diffusion gives a slope that
increases as the temperature ihcreasés. The increasing slope was not ob-
served, and the slope of the low-temperature emission 1ndlcates that di-

rect re001l was not the mechanism of escape.

" An explanation for the constant proportions of isotopes in the fis-
sion gas is that the recoils leave the specimen' surface with sufficient
energy to be eﬁbedded in the surrounding capsule material and are not re-
leased to the sweep gas; however, each fission spike penetrating the
specimen surface evaporates an estimated 2000 UO, atoms.1® This process
would liberate fission gas that had diffused to the specimen surface and
would produce a temperaturé-independent gas release thét had the same

fatio of isotopes as the temperature-dependent gas release.

15R. M. Carroll, "Continuous Release of .Fission-Gas From UO, Durln%
Irradiation,” ASTM Special Tech. Publication No. 306, pp. 118-120 (1961

16y, D. Rogers and J. Adam, "Ejection of Atoms from Uranium by Fis-
sion Fragments,' J. Nuc. Matls., 6(2): 182-189 (1962).
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Reduction of Fission-~-Gas-Release Rate with Time

The rate of fission-gas release from the single-crystal specimen is
decreasing as the irradiation continues. The decreasing of the release
rate, indicated in Fig. 4.26, was rapid at first, but the release rate
appears to be approaching stability éfter about 6 months of irradiation
(2.1 x 1019 fissions/cm®). The reduction of the gas release rate was the
same for both the temperature-dependent and -independent processes and
for all isotopes, as shown in the lower line of Fig. 4.25. It has been
postulated that microscopic imperfections in the crystal surface are
smoothed out by radiation, and thus the surface area is reduced, as has

been demonstrated. in metals bombarded with alpha particles.1?

Influence of Production Rate on Release Rate

The effect of production rate on the Kr88 release rate was investi-

gated by irrédiating the specimen at different fission rates but at the

17R. Sizman and U. Ddurent, "Radiation Induced Diffusion in Metals,"
Symposium on Radiation Damage in Solids and Reactor Materials, Venice,
Italy, May 1962. o

v
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same temperatures. The Kr88 release, as a function of temperature, is
given in Fig. 4.27 for thermal-neutron flux levels ranging from 1.1 x 1013
to 3.6 x 1013 neutrons/cmz-sec. As the specimen temperature was increased,
the Kr88 release rates converged to the same values for all flux levels.
This rcsult was unexpected, since the temperature-dependent release is
usually considecred to be by dilfusion and thus directly proportional to
the fission rate (which is here directly proportional to the neutron flux).
The fact that the curves converge at the high temperatures implies that
the release is not the result of simple diffusion.

The temperabure-independent gas release is a direct function of the
neutron flux, as would be expected of a fission-activated process. This
is illustrated in Fig. 4.28, where the release rate below 600°C is plot-
ted vs the neutron flux. To find the gas emission by the temperature-
dependént process, the recoil release rate was subtracted from the total
release rate. The temperature-dependent release rates are given in an
Arrhenius plot in Fig. 4.29. They demonstrate that the fission-gas-re-
lease rate is essentially independent of the fission rate. These recent
observations are contrary to the current concepts that the fission-gas-

release should be directly proportional to the fission rate.
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Single-Crystal U0, During Irradiation (Temperature Independent Contribu-
tion Subtracted).

Heating-Burst Studies

Postirradiation heating of irradiated fuel produces & heating burst
when the specimen temperature is increased. If the specimen temperature
is again increased, another heating burst occurs. If the specimen is
cooled and then reheated to the same temperature, the heating burst is
greatly diminished or does not occur. The size of the burst is increased
by increasing the surface area of the specimen. The two most likely causes
of the heating burst. are either the annealing of gas traps located near
the specimen gsurface or a rapid change in concentration gradient.

Some in-pilc cxperiments were counducted toO try to t'ind the causes of
the heating burst. For one of these experiments, the single-crystal speci-
men was set at a constant neulron flux and temperature for several days
until thg fission-gas release was at steady state. The specimen tempera-

ture was then cycled from 945 to 525 to 945°C within 10 min by withdrawing
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the specimen from the néuﬁron flux and then reinserting it to the origi-
nal position. The Kr88 release during this pefiod is shown in Fig. 4.30;
it did not give any evidence of a heating.burst. This demonstrates that
the heating burst is not caused by thermal stresses when the specimen is
being heated or cooled. '

In another experiment, the single-crystal specimen was irradiated at
660°C until the krypton isotope release rate was at equilibrium. The
specimen temperature was then cycled from 660 to 940 to 660°C without
changing the neutron flux; the entire cycle required 13 min. The number
of atoms released during the resultant heating burst is listed in Table
4.7. The atoms released were accumulated during approximately 9.2 hr of
steady-state release at 660°C.

The most significant observation of this heating burst is that the
isotopes were released during the burst in the same proportiéns as in
steady-state release. This implies that this burst was an accelerated
version of the same process as the steady-state release. If the gas in
“the burst had come from deep within the fuel or from a region of the fuel
ﬁhat normally retained the fission gas, the gas would have been rich in

long-lived isotopes.
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Table 4.7. Fission-Gas Released by a UO;
Single Crystal During a Heating Burst

Release Rate

(atoms/sec) Number of Atoms

Isotope? Released in
At 660°C At 940°C Burst
x 107 x 108 x 1019
- Xel33 13.0 5.7 3.86
Xel3> = 2.2 0.84 0.75
Kr8om 3.0 3.6 1.2
Kr88 3.5 4.8 1.4
Kr87 2.0 2.8 0.38

#The steady-state xenon release was corrected
for iodine decay.

- ‘ Fission-Gas Release from High-Burnup UO;

M. T. Morgan
D. C. Evans* R. M. Martin¥

An apparatus has been developed for postirradiation annealing ex-
periments to study the effects of high burnup on fission-gas release from'
UQ, and other reactor fuel materials. The system can also be used to
study fission-gas release from prototype fuel elements and from a wide
variety of advanced fuel materials.

A molybdenum susceptor containing the fuel sample is heated by an
induction current supplicd by a high-frequency electron generator with
an output of 10 kw. Purificd helium sweep gas passes over the sample
> and carries the Kr85 released through the filter, to remove radiocactive

dust,; and into the counting and collection scystems in an evacuated en-
closure. The Kr8’ is continuously monitored as it flows through a GM
counter and 1s collected in molecular cieve traps atj—l96°C. The helium
carrier gas passes through the traps and is exhausted. Two traps are
used alternately and switched at intervals so that one trap is collect-

ing while the other is being exhausted. The trap being exhausted is

*Co-op student, University of Tennessee.
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heated and the Kr85 is pumped into a totalizing counting system by means
of a Toepler pump. This gas is later transferred into collection bulbs
for further analysis.

The furnace tube and filter are housed in a glove box shielded with
4 in. ofllead and fitted with modified Castle manipulators. The vacuum,
counting, and collection systems are contained in a separate closed hood.
The counting cells consist of coaxial tubes.enclosing thin-walled GM tubes
for measuring low count rates and a scintillation beta counter for high
count rates. Calibration tests have shown that the GM tube measurements
are reproducible between 200 to 10,000 counts/min to within 4% and accu-
rate to 10%. The scintillation-detector measurements have a reproduc-
ibility of 12% and an accuracy of 20% above 10,000 counts/min. The sys-
tem was designed to analyze for Kr8® in gases released by the fuel sample,
since this gas has a 10-year half-life and other radiocactive gases would

have décaye& in most of the samples to be used.

The first studies were made on high-density UO, samples from LITR-

irradiated experimental capsule L-22a. This material was irradiated to
a burnup of 12,000 de/MT at a temperature of approximately 730°C. A
rapid increase in the rate of Kr8% release as a function of time was ob-
served in the temperature range 1500 to 1600°C that. caused the slope of
the curve in the plot ‘of the .fractional release, F, vs the square root ol
time, t, to increase with time, as shown in Fig. 4.31. The linear portion
of the graph, based on data obtained during the first 4 1/2 hr, indicates
a steady-state condition from which erroneous assumptions might have been
drawn if the experiment had been terminated at.that point.

~ Evidence of unusual behavior at 1500°C was indicated by bursts of Kr85
during steady operation. This phenomenon was observed for two samples.
The magnitude of the largest burst was 175,000 counts/min or a fréctional
value of 1 X i0'4 of the total Kr8’ contained in the sample. This release
might be too small to be noticed if it occurred below 1500°C and would be
obscured by the higher steady-state release above 1500°C.

The value of the diffusion parameter

D’ = D/a?

»
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Fig. 4.31. Fractional Release of Kr83 from LITR-Irradiated U0, Upon
Annealing at 1500°C. Ileating-burst release was subtracted.

calculated from the equation -

p
where
D = diffusion coefficient,
a = equivalent sphere radius,
F = fraction of total gas released,
t = time of heating,
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was 1 X 1071 sec™ for & sample annealed at 1400°C. Values of D’ for
higher temperatures are not given because the phenomena observed show that
the gas release at higher temperatures is partly due to mechanisms other
than diffusion. -

Some experiments18 have indicated that the starting point of serious
damage in U0, is 1 x 1021 fissions/_cmj (3.5 x 10% Mwd/MT). Data on ma-
terial ir}adiated to such high burnups are scarce, and it is felt that it
would be worthwhile to irradiate single crystals of UOp, as well as other
materials, to burnups greater than 1 X 10%1 fissions/cm3 specifically for
this study. The use of single crystals would simplify the study of fis-
sion-gas release by eliminating the effects of grain boundaries and would
permit geometrical calculation of éurface areas ordinarily obtained by
BET measurements'® on porous maferials; BET measﬁrements can only be made
on large quantities of high-density materials. Single crystals of natu-
rally enriched UO, are available from several sources, but to achieve high
Jburnups in a short time, small crystals of high enrichment will be needed.
Preliminary expefiments have shown that U0, crystals about 1 mm wide can
be grown by électrolysis of uranyl chloride in solution with 1lithium and
potassium chlorides. It is plaﬁned'to ﬁroduce a number of these crystals
enriched to 50% U23% and to irradiate them to burnups in excess of
1 x 1021 fissions/cm?.

A sample of duplex pyrolytic-graphite-coated UC; partiéles from ex-
perimental capsule B9-8 is being prepared for the next experiment. These

particles have a burnup of about 30% of the uranium.

Pressure-Vessel Surveillance Program

R. G. Berggren M. S. Wechsler
W. J. Stelzman T. N. Jones

EGCR Pressure-Vessel Surveillance Specimens

Work continued on the preparation of specimens for the EGCR pressure-

20

vessel surveillance program described previously. Four strings of

183, Belle (Ed.), Uranium Dioxide Properties and Nuclear Applications,.
pp. 559, 569, U.S. Government Printing Office, 1961.

L

-
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specimen capsules will be suspended from each of two special nozzles.

One string will be removed for testing after each selected period of op-
eration. Each string consists of eighteen containers, each containing
four test specimens of EGCR pressure-vessel material. The specimens in-
clude Charpy notch-impact samples and tensile samples. The material for
the notch-impact samples will he representative of base plate, weld ma-
terial, and heat-affected zone material. All surveillance and control
specimens of base plate material have now been machined. The weld speci-
mens are to be machined from a special weldment fabricated by the Baldwin-
Lima-Hamilton Corporation according to specifications similar to those
used in the weldirg of the actual EGCR pressure vessel. This weldment
has been received at ORNL; ultrasonic and radiographic examinations have
been completed; and the machining of specimens is under way. Specimen
blanks have been shipped to Rensselaer Polytechnic Institute for prepa-
ration of the heat-affected zone specimens. They will be given a thermal-
cycling treatment for the synthetic formation of the heat-affected zone
microstructure. The appropriate thermal-cycling treatment is being de-
termined at RPI on the basis of welding procedures used in the fabrica-
tion of the EGCR pressure vessel. To permit the correlation of results
from this surveillance program with those from other programs, it is de-
sirable to include test specimens from a 'reference plate" of ASTM A-212,
grade B, steel. In accordance with ASTM Tentative Recommended Practices
E184-61T and E185-61T, 2! specimens from this plate are included in a num-
ber of irradiation studies being conducted at various sites in the United
States. The EGCR surveillance schedule has been modified to include two
tensile specimens from the reference plate in container 12 of each string.

These specimens are on hand.

195, Brunauer, P. H. Emmett, and E. Teller, "Adsorption of Gases in
Multi-Molecular Layers," J. Am. Chem. Soc., &0: 309 (1938).

20Rr. G. Berggren, M. S. Wechsler, and L. D. Schaffer, Pressure-Vessel
Surveillance Program, pp.> 120—127, "GCRP Semiann. Prog. Rep. Sept. 30,
1962, " USAEC Report ORNL-3372, Ok Ridge National Laboratory.

21pSTM Standards, 1961, Part 3, pp. 322 and 327, American Society
for Testing and Materials.
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Because of the long exposure periods involved in the surveillance
program, a special problem arises with regard to neutron dosimetry. The
thermal-neutron dose may be determined with cobalt detectors placed in -
the surveillance containers. The activity of the induced Cob0 isotope,
which has a half-life of 5.3 years, will be measured. For the measure-
ment of fast-neutron dose, use of the Fe54(n,p)Mn54 reaction is being
considered. The Mn°% product has a 314-d half-life; however, the cross
section for the reaction is not well known. Work is now in progress to
obtain the necessary information. This reaction has the advantage that
the steel samples themselves may be used as the monitoring material.

Preirradiation Charpy-V impact tests have been delayed because of
deviations from specifications discovered in the impact testing machine.
An attempt was made to calibrate the testing machine in accordance with
the ASTM "Standard Method for Notched Bar Impact Testing of Metallic
Materials," ASTM E23-60.%2? The machine met all the requirements except

for apparently small deviations in the dimensions of the anvil. Tests

conducted on standard specimens providéd by the Watertown Arsenal Labora-

' tory indicated, however, that these deviations resulted in significant
errors in the impact-energy readings. Motion pictures taken at 4000
frames per'second showed interference between the broken specimens and
the pendulum. Work-is in progress to correct this condition.
Drop-weight impact tests are also planned. These will be carried

out after the Charpy-V impact tests are completed.

SM-1 Reactor Surveillance Tests

The results of subsize Izod impact tests on surveillance specimens

from the SM-1 reactor were reported previously.2° . The surveillance speci-

mens have subsequently been analyzed by radiochemical methods for M4
and computation of fast-neutron fluxes, based on the Fe?*(n,p)Mn®% re-

action, is in progress: Metallographic examination of the fractures in

the surveillance specimens indicates the same fracture mode for irradiated

and unirradiated specimens for the same fracture energy.

22pgm™M Standards, 1961, Part 3, p. 79, American Society for Testing
and Materials.
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5. DEVELOPMENT OF FUELED-GRAPHITE BODIES

—)

—
v

A. Goldman

Characterization of Unsupported Fuel Particles -

E. S. Bomar J. L. Cook
F. L. Carleen, Jr. R. J. Gray

Crushing Load

Additional data were obtained tha£ supplement those previously re-
ported1 on the load necessary to crush indiyidual particles of.pyrolytic-
carbon-coated and uncoated uranium carbide from various lots of particles.
These data are presented in Table 5.1.

-Comparison of the crushing stfength with in;pile performance has
shown! that a direct dependence exists between the number of cracked coat-
ings found after irradiation and the minimum crushing load for a sample
from a given lot of particles. This suggests that the behavior of the
particles in the reactor is determined by the weakest members. Examina-
tion of the data of Table 5.1 shows that the minimum crushing loads may
be less than one-half the average value.

- Consideration wae given to an alternate test for determining the

'crushing load that would permit the simultaneous examination of a large
number ot particles. In the alternate‘test, a monolayer of coated par-
ticles was placed between a steel pﬁnch and a neoprene pad in a die and
loaded into a press. A scries of samples was pressed with loads ranging
from 2,500 to 20,000 1b. The particles thus treated were leached with
~nitric acid and analyzed for exposed uyaniqm. The results éiven in Table
5.2 show that the exposed uranium amounted to less than that contained in
a single particle until the load exceeded 10,000 1b, If it can be demon-
strated that this test causes selective destruction of the weakest parti-

cles present, such a treatment might be used to remove such particles.

1E. 8. Bomar et al., Characterization of Unsupported Particles, pp.

186—189, "GCRP Semiann. Prog. Rep. Sept. 30, 1962, USAEC Report ORNL-3372,
Oak Ridge National Laboratory.
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Table 5.1. Data on Load Required to Crush. Pyrolytic-
Carbon-Coated and Uncoated Uranium Carbide Particles

Crushing Load (g)

Lot No.
Average? Stapda?d Maximum Minimum
, Deviation

GA-301 970 250 1362 530
-302 1168 | 342 2105 - 615
HTM-20P 472 278 982 86
-40N 622 114 904 452
3M-A ) 259 72, 4. 148
-E 984 175 1479 706
-G 227 53 . 363 90
-101-61 . 1180 513 2644 755
-101-62 754 139 999 487
-101-63 1147 . 337 2165 615
-117 : 1252 256 1973 658
=118 1776 304 - 2404 1180
-119 1796 339 2482 1200
-120 1318 304 2454 755
-10695-47 1461 S 419 2394 877
NCC-SFP , 699 238 1224 300
-G 1293 182 1505 924,
-208-1 1438 197 2364 1000
-208-2 1422 238 1865 921
-208-3 1560 183 1833 1220
-209 1022 142 1300 702
NUMEC-400 836 212 1288 548
-915 1690 353 2285 917

OSAE-1 1712 681 3912 846

®Values based on data obtained by erushing 50
particles from each lot.

bU'ncoated particles.

Coated-Particle Dimensions

The résults of ilrradiation tests also suggest that coating thickness
may be an important factor in characterizing coated particles. -A sys-
tematic examination of coated particles from various sources is heing
made to provide data both foy comparison ﬁith in-pile behavior and observa-
tion of the effect of coating thickness on fueled-graphite fabrication.

Measurements taken from microradiographs are presented in Table 5.3.

"\‘q



Table 5.2.

Effect of Various Loads Applied to Monolayers of

Coated Particles from Batch 3M-119

Sample
1 - 2 3 8 6 5 7 4
Load on 1.182-in. punch, 1lb 2,500 5,000 10,000 12,000 .14,000 16,000 18,000 20,000
Number of vperticles in sample 5,100 5,100 5,000 5,000 5,000 5,100 5,100 5,100
Load per particle, g 220 450 910 1,090 1,270 1,43C 1,600 1,780
Total uranium leached,® ug 3.43  1.31  1.43 94 149 700 2,180 3,480
Equivalent troken coated particles 0.2 0.1 0., ~ 5 8 36 113 180

®Uranium content of average particie was 19 pg.

WY
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Table 5.3. Dimensional Measurements of Pyrolytic-Carbon-Coated Fuel Particles Based on

Microradiographi¢ Examination of Samples Containing 50 Particles

Lot No..

Core Diameter (p)

Coating Thickness (u)‘

Total Particle Diameter ()

-207

220

Mean Stagda?d Minimum Mean Sta§da?d Minimum Mean Stagda?d Minimum-
; Deviation Deviation . Deviation :
" HTM-40N 194 .~ 30 145- 42 . 9 12 276 21 220
-80N 183 23 155 62 9 40 307 10 285
3M-108 172 .18 130 36 8 25 245 20 210
-111- 210. 38 160 34 4 25 278 40 . 210
~-113 196 21 110 137 14 105 470 24 420 -
-114 188 33 130 84 6 70 357 36 300 -
-116 167 12 145 98 15 75 363 29 315
=117 -176 9 160 98 9 70 372 16 330
-118 173 ) 160 133 7 96 400 20 360 .
NCC-K 226 21 185 102 17 88 425 22 360
-104 256 - 29 175 122 24 62 499 62 405
-105 243 26 185 76 8 55 ‘395 31 310
-106 230 29 180 41 A 35 314 33 260
-201. - 230" 28 150 107 11 92 443 26 405
20 185 101 7 90 422 20 395

71T
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Measurement of Exposed Fuel

The initially exposed fuel establishes the minimal release of fis-
sion products that can be expected in the reactor. Specifications have
been selected which require that surface contamination of either as-
received or thermally cycled particles, as determined by alpha counting,
should not exceed 5 X 10'3% of thc contained fuel. Similarly, leachable
fuel must not exceed 5 X 10'3% of the contained fuel for either of these
conditions. The results of measurements on several lots of coated par-

ticles with regard to these variables are presented in Table 5.4.

‘Effect of Hecat Treatmenl vn Fuel Migration

Movement of fuel through the pyrolytic-~carbon coating can cancel the
benefit of the coating in two ways: (1) fuel located near the coating
surface will release fission products to the matrix surrounding the par-
ticle by recoil, and (2) the presence of uranium in a pyrolytic-carbon
coating might result in a sensitivity to moisture that could cause failure
of the coating.2 Tests for extended periods of up to 1000 hr are under
way to determine fuel migration in a number of types of coated particle at
temperatures of 1000 to 2000°C, and measurements have been made on 23
samples heat treated by vendors. The measurements were made by micro-
scopic examination at 200X of contact microradiographs. Fuel migration
was characterized by two zones in each particle: (1) a region of high
concentration in the coating adjacent to the core fuel particles and (2)

a point of farthest migration of fuel from the core particle, even if
this migration appeared as a small, isolated spol. The results of these
measurements are listed in Table 5.5. Data for the NCC series provide a
comparison with the 3M series of the behavior of six lots of particles
prepared under different conditions. The control particles for each of
the NCC samples showed an initial movement of fuel; the 3M control par-
ticles showed none. Relative movement of fuel in the NCC coatings during

subsequent heat treatments was both greater and less than observed for

2J. L. Scott et al., Fission-Product-Retention Characteristics of
Coated Fuel Particles, pp. 194—197, "GCRP Semiann. Prog. Rep. Sept. 30,
1962," USAEC Report ORNL-3372, Oak Ridge National Laboratory.



Table 5.4.

Measurements of Exposed Fuel on Pyrolytic-Carbon- Coated Fuel
Particles Before and After Thermal Cycling

As-Received

After Thermal CyclingC€

Surface
Material Contamination ) Material Surface
Lot No. Surtace Removed by After Surface Removed b Contamination .
Contarination®  HNO; Leachb Léaching® Contamination®  HNOj3 Leach After Thermal
(%) (%) (%) ; Cycling and
U (%) T (%) U (%) Th (%) Leaching?® (%)
X 1073 X 1073 x 1073 X 1073 X 1073 X 1073 x 1073 X 10-3
GA-301 <1.7 2.9 10.6 <1.0 <1.7 <0.2 <5.7 - <1.7
-302 0.30 3.6 1.7 <0.06 0.10 <0.2 <6.1 0.17
3M-D 7C.0 24.8 27.6 21.0 0.2 12.4
-F 17.4 237.0 10.3 26.7 0.2 22.8
-G 27.5 14.0-- 1.1 33.8 450 448
-101-61 <0.01 15.2 <0.01 2.9 39.9 3.0
-116 <1.7 182.0 .5 7.6 1.2 5.1
-117 <.8 0.09 £0.6 3.6 7.1 <0.6
-118. - 0.2 0.4 <0.01 <0.01 0.2 <0.01
-119 <0.4 <0.03 <0.2 <0.4 1.3 <0.03 <0.9 1.3
NCC-J 8.4 3.3 12.6 18.6 34.6 10.8
-X 2.8 3.7 6.8 6.3 6.6 10.2
-201 2.4 124.0 1.2 3.6 8.5 1.8
-207 0.3 <0.1 0.3 0.4 2.1 0.4
. -208-2 1.43 <0.5 <7.8 1.41 1.29 <0.5 <7.8 1.4
-209 4.9 <0.2 3.8 4.0 <0.2 3.7
NUMEC -400 0.5 8.2 .<0.1 2.8 9.9 2.6
-915 <0.8 0.2 <0.8 7.6 3000 0.8

Determlned by alpha counting and expressed as percentage of total
fuel 1n particles.

Treated with 8 M HNO3 at 95°C for 8 hr; material removed expressed

in terms of totel quantity of uranium vs thorium in particles.

cSample cycled three times between 200 and 1450 to 1500°C with a

" l-hr hold time at the temperature extremes.

oTT

0,
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Table 5.5. Fuel Migration in Coatings During Heat
Treatment of Pyrolytic-Carbon-Coated Uranium
Carbide Particles

Coated S Fuel Diffusionb (u)
Partlele Heat Treatment®

Identification < See Average®  Maximumd
CA-1332-4N° 6 hr at 2000°C 10 38
3M-102B-4 Control 0 0
-1 3 hr at 1500°C 0 0
-2 3 hr at 1750°C 6 11
-3 5 min at 1950°C 10 14
NCC-3M Control 0 0
-3M-15 300 hr at 1500°C 2 28
-3M-17 307 hr at 1700°C 4 107
NCC-202 Control 15 20
~202-15 300 hr at 1500°C 17 21
ROR-17 307 hr at 1700°C 21 104
NCC-203 Control 9 13
-203-15 300 hr at 1500°C 16 82
208-17 307 hr at 1700°Ct Adi 90
NCC-204 Control T 10
-204=15 300 hr at 1500°C 7 75
-204-17 307 hr at 1700°C 9 97
NCcC-205 Control 19 55
-205-15 300 hr at 1500°C 23 111
P05-17 307 hr at 1700°CT 37 90
NCC-206 Control 7 13
-206-15 300 hr at 1500°C 8 92
-206-17 300 hr at 1700°C 14 97

&porformed by supplier.

bIﬁstance measured from original interface between
fuel particle and coating.

contact microradiographs.

Measurements taken from

CRegion of heavy concentration adjacent to fuel

particle.
ticles.

Two measurements made on each of 50 par-

dRegion of farthest movement of fuel into coating,

even though a small, isolated spot.
eAs-deposited control particles not supplied.

fThe original interface was obscured by gross fuel
movement., Measurement of both zones of diffusion pos-
sibly in error. DNote inverse values of maximum dif-
fusion zones for NCC-205-15 and -17.
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3M material. Coatings in the NCC-204 lot resisted fuel movement best,
showing no change in the core zone after 300 hr at 1500°C and only a 2-pu
change after 307 hr at 1700°C.

The appearance in the microradiographs of a heavy concentration of
high-density material at the surface of many particles in several dif-
ferent lots without a commensurate change in diffusion zone at the core
led to a suspicion that the apparent extensive diffusion was in fact a
superficial deposit of high-density material from an exterior source.
Microradiographs of two samples showed the contaminant to be removed after
either treating in a nitric acid solution or chlorine-bearing argon at

800°C for 1 1/2 hr. Particles from lot No. NCC-203-17 are shown in Figs. -

5.1 and 5.2 before and after the chlorine treatment. Except for the
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Fig. 5.1. Sample NCC-203-17 Which Has Been Heated at 1700°C for
307 hr. The spotty regions of high density in the coating are super-
ficial contamination rather than fuel migration from core.
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Fig. 5.2. Sample NCC-203-17 Following Supplemental Treatment with
a Chlorine-Argon Mixture at 800°C. The surface contamination has been
removed.

diffusion which occurred at the interface of the core particle and coat-
ing, the coating of the chlorine-treated sample had the same appearance

as the control sample, which was not heat treated.

Pyrolytic-Carbon-Coating Equipment

Equipment was assembled to permit deposition of pyrolytic-carbon
coatings on particles under known conditions. The relationship between
the conditions of coating application and the resulting coating properties
will be established. The equipment features a graphite nozzle in a mullite
tube. The feed material is fluidized by a gas stream that contains a car-
bonaceous gas. The maximum temperature capability is about 1400°C.

A limited number of runs has been made, and coating microstructures

ranging from laminar to columnar and combinations of these have been
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prepared. Information was obtained on how to minimize defects such as
multiple particles in a common coating and delamination of coatings. It
was demonstrated that the particles could be fluidized and the coatings
applied at reduced pressures, thus offering the possibility of a large
reduction in the amount of gas used. Coating equipment for operation up

to 2000°C is being assembled.

Fission-Product-Retention Characteristics
of Coated Fuel Particles

R. B. Fitts

The results of a series of neutron-activation tests on coated par-
ticles are presented in Table 5.6. These tests were made to determine
the integrity of the particle coating based on its ability to retain the

fission gases generated during irradiation.

Thermal Conductivity of Coated-Particle Fuels

P. DelNee D. L. McElroy

An apparatus for measuring the thermal conductivity of powder in a
controlled atmosphere was tested at temperatures up to 820°C with a mag-
nesium oxide specimen in vacuum and in helium. The technique employed
consisted of measuring, as a function of time, the temperature rise of
a l/8-in. tantalum tube immersed in the powder specimen when the tube was
heated by a constant power input. Prior to a run, the specimen was
brought to the desired temperature in a tubular furnace, which enclosed
the specimen. The temperature rise of the probe above this temperature
(usually a 10 to 20° rise) was measured when the power to the probe was
turned on. Radial heat flow in the specimen was ensured by providing
special radiation shields over the ends of the furnace so that the tem-
perature profile along the axis of the furnace was essentially flat in
the region of the specimen. The furnace and specimen were enclosed in a
chamber that could be evacuated or filled with gas to a pressure of 2 atm.

The low-temperature results agreed with literature values and were

reproducible to +5%; however, the high-temperature results displayed



Table 5.6.

Fission-Product Release from Pyrolytic-Carbon-Coated Fuel Particles

Xel33 Released

Xel33 Released During Vacuum

. . Anneali
Sample No. Core Material During Capsule *
Puncture Test .
: (ppm) Tempirature Time Release
(°c) (hr) (ppm)
NCC-201 UCs <1 1400 3 <02
3M-116 uc, 2.07 1400 3 <102
-118 Mcnocrystalline UC, <1 1000 24 <1
-1178-AP (U + Th)C, <1 1000 3 <1
-1178-B (T + Th)C, <1 1000 3 <1l
-1178-C (U + Th)C» <1 1000 3 <1
-1178-G (U + Th)C, 1.33 1000 3 <1
-1178-H (U + Th)C, <1 1000 3 <1
-1178-I (U + Th)Cs <1 1000 24 <1
-1178-EI (U + Tk)Cy < 1000 24 <1
-1178-TE-2 (U + Th)C, <1 1000 2 <1
GA-302 (U + Th)Cy <1 1000 24 8.2

%Low sensitivity because of low U235 content of sample.

b

All 3M-1178 samples and sample GA-302 had a thorium-to-uranium ratio of 0.€1.

Tt
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certain anomalies that indicated the need for both a larger specimen con-
- tainer to more nearly fulfill the boundary conditions of the method and
for an improved electrical system. These chénges were nearly completed,
and, in addition, an all-metal gas-purification train was added to the
sysfém to allow measurements up to several atmospheres. Measurements of

coated-particle fuels will be initiated in the near future.

Fission-Product Deposition Studies

J. L. Scott

Most studies of fission-product release have involved measurement
of the rates of release of the inert gases xenon and krypton. Relatively
-1little work has been done on measurements of the release of other fission-
product species. For clad fuels, emphasis on the inert gases is logical,
since pressure buildup within the cladding is the main problem. In un-
clad fuel systems, however, contamination of the priméry coolant circuit
with long-lived gamma emitters is a major concern. Thus it is necessary
that quantitative information be obtained on the release, transport, and
deposition of other fission-product species from such fuels.

A small loop was developed for obtaining deﬁosition data on species
such as Ilél, Ba14°, Sr89, and Tel3?, Except for the test section, the
loop consists of 3/8-in.-diam stainless steel tubing, and it contains a -
flow meter, a diaphragm-type circulating pump, and a bypass line to a
liguid nitrogen-cooled charcoal trap, which is continuously monitored qu
Xel?3, Provisions are made for heliuﬁ‘pressurization or.evacuation.

The test section consists of a 27.5—in. length of 3/4—in.-diam, 20-
mil-wall, stainless steel tubing. A small resistance furnace is used to
heat a 9-in. length of the test section to 1000°C. Twelve thermocouples .
are spot welded at intervals along the test section to measure the tem-
peratire-distribution. A sheathed thermocouple is inserted within the
fuel sample holder to measure thé éc%ual fuel temperature. A stainless
steel holder containing copper- and silver-impregnated charcoal (Whetlerite)
is installed at each end of the test section to contain the‘fission—

product species within the- test section.
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Two tests have been completed to date. Both specimens were uncoated
uranium carbide particles from batch 3M-112U. The samples were irradiated
at room temperature to a burnup of about 10'° fissions per sample. In
the first test thc sample was placed in the loop after neutron activation
and was held at 560°C for 24 hr. The helium pressure was 10 psig and the
flow rate was 8 liters/min. The temperature gradient along the tube varied
from 36°C at the ends of the tube to 660°C at the center of the furnace

133 content of the

ad jacent to the fuel samples. During the run, the Xe
charcoal trap increased continuously at approximately a linear rate, and
the total fractional release of Xel33 was 0.21. This amount was much
higher than that observed to be released from duplicate samples sintered
in vacuum at the same temperature and was attributable to the partial
oxidation of the uranium carbide to uranium oxide during the run. At
the end of the heating period,‘the fuel sample was removed from the loop,
and the deposition tube was monitored for gamma activity by autoradiog-
raphy and scintillation spectrometry. No detectable activity was found
on Lhe deposition tube by either technique, There were, however, traces
of I'33 in the upper Whetlerite trap.

In order to increase fission-product release, the second test was
run at a considerably higher temperature (~790°C). Again the duration
of the run was 24 hr. The helium pressure was 6 psig and the flow rate
was 4.8 liters/min. The fractional release of Xet32 was 0.42. The high
release was again attributable to oxidation of the uranium carbide. As
the uranium carbide is converted to uranium oxide, a phase boundary moves
across each fuel particle and acts as a short-circuit diffusion path for
the release of volatile fission products. When the fuel sample was re-
moved, the deposition tube was found to be highly radicactive, in contrast
to the first run, and both 1131 and Te'?? were found along the tube.
Since the specimen was 23 days old, most of the 77-h Tel32 had decayed,
and the predominant activity came from 8.05;d 1131, The total fractional
release values were 0.06 for Tel3? and 0.41 for I'3!, Since the release

of I*3! was about the same as the release of Xel??

at 790°C, whereas only
traces of I'?l were found at 560°C, it is suspected that the iodine was

adsorbed by the graphite bottle at the lower temperature.
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The distribution of activity and the temperature distribution in-the
second loop are shown in.Fig. 5.3. Although traces of 131 and Te132vwere
found at the hottest points of the deposition tube, most of the Tel32 yas
found at a point 11 in.. from the botﬁom of the tube. At this locétion the
tube-wall temperature was about 600°C. The 13 began to deposit in more
than trace amounts where the tube was at 440°C and showed a very intense
maximum where the tube was-at 300°C:.

A theoretical interpretation of the I3! distribution is possible.
First, the point x = O is arbitrarily chosen at a point 11.9 in. from
the bottom of the deposition tube. The temperature distribution is then

“assumed to fit an equation of the.form--

, a
T= X +b’ (1)

where T is the absolute temperature, x is the distance aiong the- tube,

and a and b are constants. If it is assumed that T = Tg at x = 0 and
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Fig. 5.3. Distribution of Fission Products on Deposition Tube.
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T =Tr at x = £, where £ is the distance to the end of the tube, then

ToT ol
. To — T :
T = ——. (2)

Tfﬂ

R e

Next, it is assumed that deposition occurs by an adsorption process
and that the gas in equilibrium with a given deposit obeys the Arrhenius
equation ' '

—AH_/RT .
P¥ = Pt e ° (3)

2

where P* is the vapor pressure of the adsorbed species, AHa is the heat
of adsorption, R is the gas constant, and Pg is a constant. The equilib-

rium concentration, C*, of the deposited species in the gas phase is ‘then

. given by the equation

pP¥ P* —H /RT P*¥ ~—pH /RT
c-x-::.....:...o_e a z_o_e a . (4)
RT RT RTo

By combining Egs. (2) and (4),

C*(x) |
=% (5)

c*(0)
where

.AH. (TO - Tf)
o5 —2 . (6)
RToTo4

- By a material balance the gas composition is found to obey an equation

of the form

daC -
5 TBC=BCEe T, ~ (7)

where

2K

o)

(8)

w
mn
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In Eq. (8), Ky

is the deposition rate constant, r is the tube radius, and

v is the linear gas velocity. Solving Eq. (7) and making use of the fol-

lowing relationship for the fraction of the species deposited per unit

length,

the fission-product'distribution is

ar e (oox | Pxy o)

dx B—«

R (9)

The actual values of & and B for the data in Fig. 5.3 were & = 0.51 cm™t

and B = 0.19 em™!. From the experimental value of @ and Eq. (6), the

heat of adsorption was determined to be 26.2 kcal/mole. ‘Similarly, from

B the value of.KD

was calculated to be 2.73 cm/sec. Both values appear

to be reasonable. The heat of adsorption is consistent with a chemisorp-

tion process either of I, Iy, or CsI species.

of atoms. of I3 present (1.62 X 10'2), the chemisorption of iodine ions

is probably the correct process. The small amounts of

1131 observed to

be deposited at 800°C are adsorbed by a different. mechanism, probably by

van der Waal's forces.

When the tube-wall temperature is below about 300°C, the  tube-wall-

‘becomes an infinite sink for I'3l atoms in the concentration range under -

discussion, and the rate of deposition
the I'3! ions strike the surface. For

constant.is approximately

wherevDG

gas phase, and D is the tube diameter.-

is controlled by the rate at which

laminar gas flow, the deposition

, (11)

is the diffusion coefficient of the depositing species in the

If DG is taken as 1 cm2/sec, then

KD = 2.2 cm/sec. "This compares well with the value 2.73 cm/sec found ex-

perimentally.

In view of the small number

e
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Fueled-~Graphite Fabrication

J. M. Robbins A, J. Taylor

Attempts to "isostatically" form fueled-graphite spheres with poly-

vinyl chloride gel molds? were abandoned because of the problems associ-

ated with filling thc mold cavity and the nonunilformity of forces applied

under uniaxial loading. A second approach involving light cold forming
followed by high isostatic compression in oil was more successful. The
preforming operation was carried out at room temperature with a Lucite

dic and hemispherical concave Lucite punches. The dimensions of spheres
preformed at loﬁ pressures (approximately 100 psi) were reduced uniformly
on subsequent compaction under high isostatic pressure (approximately
35,000 psi). The simple three-piece forming die was not entirely suitable,
however, because (1) the sharp edges of the punches were highly susceptible
to chipping, (2) a molding flash was formed at the equator of thé spheres,
and (3) the die design did not readily lend itself to the fabrication of
spheres with molded unfueled shells. A new die was designed to eliminate
these objectionable features and was ordered.

Experimental work was continued to obtain a better understanding of
the variables associated with the fabrication of high-density, high-
strength graphite bodies by molding and baking techniques. Graphite
bodies were prepared from mixtures of fine-grained natural and synthetic
graphite powder and a furan resin binder. Cylindrical pellets represent-
ing eight compositions of these ingredients were formed at a low-forming
pressure (100 psi) and then isostatically pressed at various pressures
ranging from 500 to 35,000 psi. All specimens were baked in hydrogen on
a 24-hr schedule at 1000°C. While densities greater than 1.7 g/em’® were
achieved, the isostatic-forming pressures required to obtain these densi-
ties (>20,000 psi) were higher than can be tolerated when pyrolytic-carbon-
coated fuel particles are incorporated in the body. To clarify this point,

an experiment. is being performed using fueled-graphite cylinders fabricated

3J, M. Robbins and A. J. Taylor, Fueled-Graphite Fabrication, pp.
201202, "GCRP Semiann. Prog. Rep. Sept. 30, 1962," USARC Report ORNL-,
3372, Oak Ridge National Laboratory.
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with a graphite matrix of known fabrication characteristics. Fuel concen-
trations of 8, 14, 20, and 26 vol % pyrolytic-carbon-coated carbide parti-
cles are being used. The several bodies were formed into cylindrical pel-
lets (approximately,l in.” OD and 1 in. long) at a pressure of 100 psi and
then isostatically pressed at 3,000, 6,000, 9,000, 12,000, 15,000, 20,000,
25,000, or 35,000 psi. Standard baking and testing techniques were used.
Baking was done on a 24-hr schedule in hydrogen at 1000°C. Testing has
not been completed but consists of radiography, metallography, and anodic
disintegration followed by acid leachlng A sample of the as-received
pyrolytic-carbon-coated . fuel particles was acid-leached and analyzed in

order to determine the background uranium value.

Evaluation of Fueled-Graphite Spheres

E. S. Bomar J. L. Cook
F. L. Carlsen, Jr. R. W. McClung

The evaluvation studies of graphite spheres fueled with pyrolytic-
carbon-coated uranium carbide particles were continued.* The lots ofA
spheres received during this report period are described in Table 5.7.
The spheres are all 1 1/2 in. in diameter, although they vary in design
and fuel loading. With the exceptions noted iﬁ Table 5.7, the spheres
contain thorium-uranium carbide particles with a thorium-to-uranium ratio

of approximately O.6.

Visual and Dimensional Examinations

Spheres from several lots are shown in Fig. 5.4. The GA-S-1, GA-3-9,
NCC-5-2, and 3M-S-4 spheres do not have unfueled shells, and the ;oated
particles present on the surface are discernible. No coated particles
Aarevpresent on the surfaces of the spheres that have unfueled shells.
The'GA spheres have very smooth surfaces, evidently produced by machining

and pdlishing.

“E. S. Bomar et al., Evaluatioﬁ of Fueled Graphite Bodies, pp.
203213, "GCRP Semiann. Prog. Rep. Sept. 30, 1962," USAEC Report ORNL-
3372, Oak Ridge National Laboratory.

4
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Table 5.7. Descriptions of 1 l/2-in.-diam Fueled-Graphite
- Spheres Containing Pyrolytic-Carbon-Coated Fuel
Particles That Were Received for Evaluation

Thickness of Coated Uranium Heavy

Lot Unfueled Particle D Metal

Designation Shell Batch ) Content

(in.) Number (2t B (o)
- (il wB=1 0 302 93 6
=2 34 302 93 6
-3 0 301 0.7 6
=4 1/4 301 0.7 6
-58 0 301 0% 6
- -62 1/4 301 0.7 6
- -7 1/4 301 0.7 6
-8 1/4 302 93 6
-9a 1/4 302 93 6
-102 0 302 93 6
) NCF-S-1 0 0.7 6
=32 0 208 93 6
-3 0 0.7 6
WA 0 209 93 10
-5 0 208 18.6 5
-6 1/4 208 18.6 5
-7 1/4 208 93 6

NCP-8S-1P»¢ 1/4-7/16 207 93 1.2

- 3M-S-1 0 93 6
-2 0 0.7 6
=3 1/16 0.7 6
. - 0 93 6
=5 1/16 93 6

aImpregnated to reduce permeability.
bSpheres contained no thorium.

®Fuel contained in a cylindrical insert approximately
0.6 in. in diameter and 0.6 in. high.

Many of the spheres in the NCF lots have hairline cracks around the
smaller diameter die marks, but no cracks were observed on the spheres
from GA and 3M. The diameters of nearly all the spheres were within the
specified tolerance of +0.032 in. Only two of a total of 300 spheres
were out of tolerance and these by only 0.001 to 0.002 in. The maximum

deviations from sphericity (defined as the difference between maximum
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Fig. 5.4. TFueled-Graphite Spheres Representative of Lots GA-S-1,
GA-S-9, GA-S-10 in the Top Row and Lots 3M-S-4, 3M-S-5, and NCF-S-2 in
the Lower Row.
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and minimum diameters on a sphere) for the lots are given in Table 5.8
and range from 0.011 to 0.045 in.

Table 5.8. Sphericity and Density of Fueled-
Graphite Spheres

DMaglmgm Bulk Density Net
eviation 3
Lot From (g/cm ) Carbon
Designation . . - Density
Sphericity A 3
; verage Range (g/cm?)
(in.)
x 103 ‘
GA-S-1 40 1.87 1.86—1.90 1.76
-2 , 45 1.88 1.86-1.89 1.77
-3 34 1.91 1.89~1.93 1.80
-4 26 1.91 1.86—1.96 1.80
-5 ' 17 1.95 1.93-1.98 1.84
-6 28 1.94 1.90-1.96 1.84
-7 25 1.92 1.88-1.95 1.81
-8 33 1.90 1.87-1.93 1.78
-9 27 1.93 1.90—L.95 1.82
-10 27 1.87 1.84—1.88 1.76
NCF-5-1 12 1.79 1.77-1.81 1.68
-2 28 1.78 1.75-1.81 1.67
-3 26 1.79 1.75-1.82 1.72
-4 29 1.82 1.79-1.85 1.65
-5 32 1.82 1.79-1.85 1.73
-6 13 1.78 1.77-1.81 1.67
-7 14 1.80 1.78-1.82 1.69
3M-5-1 11 1.81 1.80-1.82 1.70
-2 23 1.81 1.80-1.83 1.70
-3 197 1.82 1.81-1.83 1.71
-4 14 1.78 1.77-1.78 1.67
-5 24 1.79 1.78-1.79 1.68

The bulk densities and net carbon densities are also given in Table
5.8. The densities of the GA spheres were considerably higher than those
of the other spheres, although all spheres exceeded the required minimum
bulk density of 1.70 g/ecm®. The variation in the bulk density of all the

spheres within any particular lot is less than 10%.
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Evaluations of Unfueled Graphite Shells

Radiographic examinations of elements with unfueled graphite shells
permit the determination of the thickness and quality of the shell. 1In
general, the unfueled shells are slightly thicker parallel to the molding
direction than they are perpendiéular to the molding direction. For ex-
ample, the thickness of the unfueled shell on a sphere from lot NCF-S-6
was 5/16 in. in the parallel direction and 1/4 in. in the perpendicular
direction. The'axes of the fueled region were 7/8 and 1.0 in. in these

directions, respectively.

Ihtegrity of Contained Coated Particles

_ The integrity of the coated particles in the spheres was determined
by alpha éounting, acid electrolysis, and neutron-activation studies. The
alpha activity of a sphere is a measure of the uranium contamination on
the surface. The vdlues given in Table 5.9 show that the contamination
varies considerably within a lot. The relatively high contamination of
" the GA spheres may have resulted from coated particle damage when the
die marks were removed by machining.. Attempts to minimize this contamina-
tion by leaching the spheres-in 16 M HNO; at  room temperature were not ‘
effective. o
The acid eléctrolysis treatment consists of placing. a fueled-graphite
body on a platinum electrode, submerging the body and electrode in 8 M
HNO5;, and establiBShing a direct current of épproximately 5 amp between
the fueled-graphite body and a second platinum electrode. The graphite
body disintegrates after 8 to .24 hr under these conditions. The coated
particles contained in the matrix are thus exposed to the 8 M HNO3, which
removes the uranium from particles with defective coatings.. Analyses of
the 8 M HNO3 for uranium permit determination of the amount of exposed
uranium within the spheres. Only one determination is made for each lot
" because of the destructive nature of the test.
The high values vainternally,exposed uranium given in Table 5.9 for
lots GA-S-2 and GA-S-4 are attributed to excessive pressure during fabri-

cation. The fabrication process has been altered to produce elements

L 2
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Table 5.9. Exposed Uranium and Fission-Gas Release from
Fueled-Graphite Spheres

. 133
Fxposed. Uranium (%) Ratio of Xe

Lot Xenon Release® Release to
Designation o o a Internsl? (%) Internally
Exposed Uranium
X 1074 X 1072
GA-S-1 1040 0.5 8.0 x 1073 1.6
-2 0.1-0.4 16.5 1.1 6.7
-3 4—£400 0.35 (a)
-4 3240 6.7 (a)
-5 8-110 0.31 (a)
-6 (a) 0.34% (a)
-7 (a) 0.25 (a)
-8 0.01-0.02 1.03 (a)
-9 0.01-0.014 (a) ()
3M-S-1' 0.01-0.2 0.005 1.5 X 1073 30
NCF-S-1 <1 0.09
-2 0.01-0.8 0.09 6.2 X 1073 6.9
NCP-S8-1 0.01-0.2 0.002 <1 x 1074 <5

&calculated from alpha-activity measurements of several spheres
from each lot.

bBased upon uranium analysis of acid used in acid electrolysis
of one sphere from each lot.

cTotal release of Xel33 after neutron activation during punc-
ture and heating to 1000°C for 12 to 24 hr. One sphere from each
lot was tested.

dNot determined.

with lower amounts of exposed uranium, as shown by the values reported
for lots GA-S-6 through CA-S-9.

Neutron-activation tests also measure the integrity of the coated
particles contained in fueled-graphite spheres. The Xel33 release values
reported in Table 5.9 show that high release values are associated with
high values of internally exposed uranium; however, the ratio of Xel33
release to internally exposed uranium ranges from 1.6 X 1072 to 30 X 1072,
This range of values could result from variations in the amount of ex-
posed uranium or the incomplete removal of uranium by the 8 M HNO; or

both.
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Removal of Exposed Fuel

Studies were initiated to develop a nondestructive method for re-
moving exposed uranium that would be suitablé fér production use. The
first experiments involved passing dry7chlorine gas diluted with argon
over samﬁles at temperatures of 800 and 1000°C for periods up to 9 1/2 hr.
A summary of the résults of these experiments is presented in Table 5.10.
These experiments showed that the chlorine treatment was effective in re-
ducing the amount of exposed uranium; however, under the conditioﬁs used,
only partiél removal was achieved. Additional experiments are in progress

to improve the effectiveness of the treatment.

Metallographic Examinations of Fueled-Graphite Spheres

Metallographic examinations were performed to determine the distribu-
tion of the coated particles, the qualify of the bonding between the coated
particles and the graphite matrix, and the structure of the graphite ma-
trix. The microstructures of the 3M and NCC spheres were basically the
same as those previously described for fueled-graphite bushings.4 Fuel
distribution in thé 3M spheres was quite uniform and better bonding of
the coated parficles in the matrix had been achieved.

The GA sphere matrik is characterized by plate-like grains similar
to those of the NCC spheres; however, the pores are, in general, smaller
and mére uniformly distributed than those in the NCC spheres. A slight
change in the structure at the interface between the fueled region and
the unfueled shell was noted on a GA-S-2 sphere that had a 1/4-in. un-
fueled shell. This change was not apparent at low magnification but was
observed at 250X under polarized light. Thé structure of the interface
is shown in Fig. 5.5a with bright field illumination and in Fig. 5.5b with
polafized light. The iﬁterface runs diagonally across the field and is

most evident in Fig. 5.5b.

" TFission-Gas Retention in Fueled-Graphite Spheres

R. B. Fitts

Five 1 l/2—in.—diam.fueled graphite spheres were evaluated by low-

temperature neutron activation and postirradiation vacuum annealing to



Table 5.10. Results of Chlorine Treatments to Remove Exposed UranZum

Sample Description

Treatment
Conditions

Results

NCC-203-17 with high sur-
face contaminaticn

NCC-104 and -105 with 15%
and 0.6% crecked coated
particles, respectively

Machined parts with high
surface contaminstion

Sphere containing a few
cracked coated particles
on the surfece

As-received spheres GA-S-3
and GA-S-4 with C.35% and
6.7% cracked coated par-
ticles, respectively

Unsupported Coated Particles

3 ‘hr at 800%¢

4 hr at 800°C

Heavy uranium surface contami-
nation completely removed, as
determin=d by microradiography

Alpha activity reduced by a
factor of 2; partial removel
of uranium in cracked coated
particles, as determined by
microradicgraphy

Fueled-Graphite Specimens

8 hr at 800°C

9 1/2 nr at 800
tio 850%¢

2 hr at 1000°C and
4 hr at 800°C

Alpha activity reduced from
more than 1000 counts/min to
75 to 110 counts/min

Uranium and thorium removed
from craczked coatings, as
determin=d by metallography

Partial rsmoval of uranium and
thorium; alpha activity re-
duced by a factor of 2

GeT
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Fig. 5.5. Cross Section of Sphere GA-S-2-9 Showing the Interface
Between the Fueled Region and the Unfueled Shell. (a) Bright field.
(b) Polarized light. 250X
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obtain relative measures of their fission-gas-retention characteristics.
The results of the tests are presented in Table 5.11. The very high re-
lease from sample GA-S-2-10 was expected since similar samples had shown

a high percentage of exposed uranium when leached with HNOj;.

Table 5.1l. Fission-CGas Release [rom 1 1/2-in.-diam
Fucled-Graphite Spheres

<

133 133
Fuel Loading (g) Xe Released  Xe Released

Sample During Capsule During 24-hr
No. 235  Puncture Test 1000°C Vacuum
Th U 1y L :
(ppm) Annealing (ppm)
3M-3-1-6 120 1.96 1.82 13.8 1.389
NCF-S-2-W 1.20 1.96 1.82 3+0 59.0
NCP-SS-1 0.65 0.60 <1 <l
GA-S-1-2 1.20 196 1.82 4245 38.0

GA-8-2-10 1.20 1.96 1.82 2900 8400
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6. INVESTIGATIONS OF FUELED-GRAPHITE SYSTEMS

e

0. Sisman D. B. Trauger
H. W. Savage G. M. Watson

Postirradiation Examination of Pyrolytic-Carbon-Coated Uranium
Carbide Particles Dispersed in Graphite

M. F. Osborne D. F. Toner
E. L. Long, Jr. J. G. Morgan

Studies were continued of two types of irradiated assemblies con-
taining pyrolytic-carbon-coated uranium carbide particles dispersed in
graphite. TFabrication and irradiation data for these assemblies are
summarized in Table 6.1. Some results of the postirradiation examinations

1,2

were reported previously, and the examinations of capsules 01-5 and

08A-5 are not yet complete.

17. G. Morgan et al., Postirradiation Examination of Fueled-Graphite
Bodies, pp. 190195, "GCRP Quar. Prog. Rep. March 31, 1962," USAEC Report
ORNL-3302, Oak Ridge National Laboratory.

2M. F. Osborne et al., Postirradiation Examination of Pyrolytic-
Carbon-Coated Uranium Carbide Particles Dispersed in Graphite, pp. 220228,
"GCRP Semiann. Prog. Rep. Sept. 30, 1962," USAEC Report ORNL-3372, Oak
Ridge National Laboratory.

Table 6.1. Fabrication and Irradiation Data for Fueled-Graphite Specimens

Specimen Size (in.) Average

Experimental Number of Manufacturer Fuel Fuel Burnup gzi;iﬁi
Assembly No. Specimens Outside Inside Lenzth Designation® Temperature (at. % of U) (%)
Diameter Diameter g (°E)
MTR-48-5 1 1.0 0 1.5 3M 2500 NS 100
MIR-48-6 1 1.0 0.25 a5 GA 2000 1.6° 10
01-5 12 0.6 0.25 0.5 3M 2000 8.4 (e)
08-5 12 0.6 0.25 0.5 3M 1700 ~3 w116
08A-5 12 0.6 0.25 0.5 NCC 1700 7.l (e)

83M = Minnesota Mining and Manufacturing Company.
GA = General Atomic Div., Ueneral Dynamics Corp.
NCC = National Carbon Company.

bBurnu.p of uranium and thorium (at. %); uranium burnup was 5.0 at. %.

€ . . 5
Examination incomplete.

.
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Experiment MI'R-48-6

The examination of experimental assembly MIR-48-6 was completed.
Analyses of core drillings from the graphite sleeve surrounding the fuel
specimen indicated that thorium was much more mobile than uranium, as
shown in Table 6.2. The ratios of the concentrations of uranium and tho-
rium in the graphite sleeve after irradiation to those in the fuel speci-
mens before irradiation were about 0.002 and 0.04 for uranium and thorium,
respectively. Since only about 10% of the fuel-particle coatings had
fractured, these values indicate fairly high migration rates, especially
for thorium. The burnup of uraniun and thorium in this specimen was de-
termined by mass spectrometry to be 1.57 at. % at the outer surface and
1.55 at. % at the inner surface. Thus very little self-shielding was

indicated.

Table 6.2. Analyses of Core Drillings from Graphite Sleeve
Surrounding Fuel Specimens in Assembly MIR-48-6

Average Concentration
(atoms per mg of graphite)

Uranium Thorium

In fuel specimen before irradiation 1.16 X 107 2.41 X 1017
In graphite sleeve after irradiation 2 X 104 1 X 106

kxperiment ORR-08-5

The disassembly and results of macro examination of experimental as-
sembly 08-5 were described previously.2 The most severely cracked pellet
was fractured further to see whether a crack in the graphite matrix would
cause the coated particles to fail. Two pieces of the fractured pellet
were sclected for metallographic examination. One piece was a longitu-
dinal section, and the other was a transverse section with respect to the
long axis. It was determined from stereo examination that fracturing of
the graphite matrix (in this case a mechanical stress rather than thermal)
could cause failure of the coated particles, and this finding was con-

firmed by metallography. Fractures in the matrix had progressed through
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and around the coated particles, as shown in Fig. 6.1. A count of more
than 200 coated particles showed that 16% had failed. A comparison of
typical unirradiated and irradiated particles is shown in Fig. 6.2. A
lack of definite grain structure in the uranium carbide core and a sepa-
ration between the pyrolytic coating and the graphite matrix were the
only microstructural changes observed. There was no evidence of a reac-
tion at the core-to-coating interface. The apparent void at the core-to-
coating interface is an unavoidable artifact that occurred in the final

stages of metallographic preparation.

Experiments ORR-01-5 and ORR-08A-5

The examinations of experimental assemblies OL-5 and 08A-5 were com-

pleted except for metallography. As in several previous experiments, the

UNCLASSIFIED
R—42752

Fig. 6.1. Area from Pellet No. 31 from ORR-Irradiated Experimental
Assenibly 08-5. Note that the fracture in the graphite matrix went both
through and around the coated particles. Etched.
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Fig. 6.2. Pyrolytic-Carbon-Coated Uranium Carbide Particles from
Experimental Assembly 08-5. (a) Unirradiated. Etched. (b) Irradiated.
Etched.
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gamma scans were quite irregular, indicating inhomogeneous fuel loading.

There were no significant dimensional changes in the stainless steel
cladding of either capsule. The dimensions of the fuel pellets had in-
creased 1 to 2%, causing corresponding volume increases of about 5%.

A1l twelve fuel pellets in capsule 01-5 fractured, but they remained in-
tact, as shown in Fig. 6.3. Each end pellet appeared to be slightly
oxidized, possibly because of impure sweep gas. No fuel pellets in cap-
sule 08A-5 fractured, and there was no evidence of oxidation. Typical

pellets are shown in Fig. 6.4.

Instantaneous Fission-Gas-Release Experiment

P. E. Reagan R. M. Carroll
T. W. Fulton

The in-pile test facility and capsule for studying instantaneous
fission-gas release from pyrolytic-carbon-coated uranium carbide particles
was described previously.3 Particles with three types of coatings are
being studied: laminar, columnar, and duplex. The duplex coating consists

of a laminar inner coating and a columnar outer coating.

Particles with Laminar Coatings

Particles from batch 3M-SP-2 were irradiated to 15 at. % uranium
burnup in capsule Cl-7, and when viewed at 30X, a fair estimate of the
number of broken particles could be made. About 5% of the particles had
broken coatings, and a few of the carbide cores were completely separated
from the laminar coating, as shown in Fig. 6.5. An irradiated particle -
is compared with an unirradiated particle in Fig. 6.6, and a typical
broken particle is shown in Fig. 6.7. A rcaction zone may be seen at the
fuel-to-coating interface that produced protrusions outward into the

coating.

3R. M. Carroll, J. G. Morgan, and P. E. Reagan, 'Instantaneous Fis- -
sion-Gas-Release Experiment, pp. 228237, "GCRP Semiann. Prog. Rep.
Sept. 30, 1962," USAEC Report ORNL-3372, Oak Ridge National Laboratory.
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Fig. 6.3.

Typical Fuel Pellets from Capsule

0l-5 After Removal from Graphite Sleeve. 2X.
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Fig. 6.4.
sule 08A-5 After Ramoval of Graphite Sleeve.

Typical Fuel Pellets from Cap-

2X.
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Fig. 6.5. Pyrolytic-Carbon-Coated Uranium Carbide Particles with
Laminar-Type Coatings After Irradiation in Capsule Cl-7 to a Burnup of
15 at. % Uranium at 1500 to 1800°F. 30X.

Particles with Columnar Coatings

Pyrolytic-carbon-coated uranium carbide particles from capsule B9-7
were exemined after being irradiated to 12 al. % uranium burnup. These
particles were from batch HTM-1, and they had columnar-type coatings.
When viewed at 30X, about 2% of the particles showed broken coatings,

and several doublet particles were evident, as shown in Fig. 6.8. When
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Fig. 6.6. Sectioned, Laminar-Type, Pyrolytic-Carbon-Coated Uranium
Carbide Particles. (a) Unirradiated. (b) Irradiated to 15 at. % uranium
burnup at 1500 to 1800°F.
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Fig. 6.7. ©Sectioned, Irradiated, Laminar-Type, Pyrolytic-Carbon-
Coated Uranium Carbide Particle Showing Broken Coating.

the particles were sectioned, two areas of damage were noted. There was
severe damage by reaction at the fuel-to-coating interface and the co-
lumnar coating showed numerous voids. An irradiated particle is compared .
with an unirradiated particle in Fig. 6.9. The volume of the fuel, in-

cluding the void space, increased by a factor of about 4 and the coating

thickness decreased to about one-half.

Particles with Duplex Coatings

Particles were removed from capsule B9-8 after irradiation to a burnup

of 30 at. % uranium. These particles had duplex-type coatings and were

from batch NCC-AD. No broken particles or doublets were found when viewed

at 30X. These particles are shown in Fig. 6.10. &
Sectioned particles from this group showed very few voids in the

columnar part of the coating, but in many instances a reaction zone at
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Fig. 6.8. Pyrolylic-Carbon-Coated Uranium Carbide Particles with
Columnar-Type Coatings After Irradiation in Capsule B9-7 to a Burnup of
12 at. % Uranium at 1500 to 1650°F. 30X.

the fucl-to-coating interface had completely penetrated the laminar layer
of the coating. An irradiated particle from capsule B9-8 is compared with
an unirradiated particle in Fig. 6.11. After beling irradiated for 88 days
at 7.5 ¥ 1043 neutrons/cmZ-sec, the columnar part of the duplex coating
appeared to have retained its structure quite well. About one-third of
the particles were leached with acid to remove uranium from the broken
particles, and, based on the uranium removed, about 1.5% of the particles

had broken.
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Fig. 6.9. Sectioned, Columnar-Type, Pyrolytic-Carbon-Coated Uranium
Carbide Particles. (a) Unirradiated. (b) Irradiated to 12 at. % uranium
burnup at 1500 to 1650°F.
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Fig. 6.10. Pyrolytic-Carbon-Coated Uranium Carbide Particles with
Duplex-Type Coatings After Irradiation in Capsule B9-8 to a Burnup of
30 at. % Uranium at 600 to 1750°F. 30X.

Capsule B9-9, containing a third group of pyrolytic-carbon-coated
uranium carbide particles of the NCC-AD duplex-coating type, was irradi-
ated to nearly 19 at. % uranium burnup. These particles were first ir-
radiated to 9.4% burnup at 800°F to study particle-coating damage by
irradiation at low temperature. The fission-gas-release rates remained
nearly constant during irradiation at 800°F, with no increase with burnup.
The average fractional fission-gas-release rates at 800°F are shown in
Fig. 6.12. After 9.4% burnup was reached at 800°F, the temperature was

inereascd to 1200°F for a short time, then to 1600°F, and finally to
1750°F. The burnup and fractional fission-gas-release rates at each of

these temperatures are also given in Fig. 6.12. During the 1600 and
1750°F irradiation periods, small bursts of activity were noted that were
similar to those noted during the irradiation of capsules Cl-7, B9-7,
and B9-8.°3

Of the three coatings that have been studied, the duplex type has
demonstrated greater ability to retain fission gases than the other two.
In all three types of coaling, a reaction zone was found at the fuel-to-
coating interface after high burnup. Based on results [from postirradia-

tion examination, it appears that the percentage of broken particles in
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Fig. 6.11. Sectioned, Duplex-Typc, Pyrolytic-Carbon-Coated Uranium
Carbide Particles. (a) Unirradiated. (b) Irradiated at 30 at. % uranium
burnup at 600 to 1750°F.
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Fig. 6.12. Fractional Fission-Gas Release at Various Temperatures
and Burnups for Pyrolytic-Carbon-Coated Uranium Carbide Particles with
Duplex-Type Coatings. Batch NCC=AD irradiated in capsule B9-9.

a capsule can be accurately predicted from the fission-gas-releése rates

during irradiation.

Capsule Irradiations in ORR Poolside Facility

V. A. DeCarlo F. R. McQuilkin

There are 14 capsules in group VI now being 1lrradiated in the ORR
poolside facility. During this reporting period, three caﬁgules.were
discharged (03-6, 05A-6, and 06A<6; gee chap. 4): seven were operating
(01-6, O2A-6, 03A-6, 04-6, 05B-6; 06Z-6, and 08-6); and four were readied
for insertion during the May l96§ shutdown (0lA-6, 05%Z-6, 06X-6, and O8A-6).
The designs and planned operating conditions for the seveﬁ capsules now
being irradiated are described ié‘Table 6.3, and typical operating data
for these capsulgs arc prcsented in Table 6.4.

Capsule 06Z~6, which replaced cépsule.O6A—6, is referred to as a

"four-ball" capsule and is similar in design to capsule 08-6, which was
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6.3. Summary of Design and Planned Operating Conditions for Group VI ORR Poolside Capsule Irradiations

Capsule number
Experiment code

Capsule type

Specimen data

~ Specimen type
Specimen origin

Number of fueled specimens
per capsule

Fuel loading .

UR3% g5 wt % of total U

U as wt % of fueled
specimen

Total U?37, g

Total U, g

-Fueled specimen density

;/cm3
b theoretical

Power data.

Specific power, w/g of
fueled specimen

Heat rate, Btu/hr-ft of
fueled specimen

Effective thermal neutron
flux, neutrons/cm?-sec

Self-shielding factor
Scheduled burnup

Mwd/MT of fueled speci-

men
U%3°) at. %

U0, partiq

01-6 |

F BeO bushing

ule with
hermo-

Sweep capé
central .t
couple® :

BeO matri

ORNL

11

19.78 |

54.0

88.5

45,000

2.3 % 101ﬁ

0.6

15,900

02A-6

EGCR bushing

Static

U0z

Westinghoﬁse

2.46
88.2

6.8
278.0

10.47
95.44

13.9

30,000

1.6 x 1013

0.7

10, 000

-03A-6
EGCR bushing

Static

U0z

Westinghouse

2.46
88.2

6.8
278.0

10.47
95.44 . -

13.9-

30,000

1.6 x 103

0.7

5,000

04-6

Advanced GCR Dbushing

Static capsule with
central thermo-
couple; type 304
stainless steel
cladding wire

wrapped

U0,

ORNL

4.6

88.2

12.97
281.99

10.47
95 .44

23.0
50,000
1.5 x 1013

0.6

4,100

05B-6
. EGCR bushing

Static

U02

Westinghouse

2.46
88.2

6.8
278.0

10.47
95.44

13.9
30,000
1.6 x 1013

0.7

2,800

06z2-6

CP sphere

Upper sweep compartment;
lower static compart-
ment .

'lFueléd—graphite sphere

containing pyrolytic- -
carbon-coated (U,Th)Cy

© particles

Specimens 1, 2, 3 from
batches NCF-S-2-G, K,
and T; specimen 4 from
batch GA-S5-1-7

25.0
35,500

1.9 x 1013

14

08-6
Graphite sphere.

Upper swéep comparfment;

lower static compart-
ment with central

. thermocouple

Fueled-graphite insert
-containing pyrolytic-
.carbon-coated UC,
particles

National Carbon-Parma
three spheres; ORNL,ﬁ
one sphere

4

93.2;¢,4 38.2¢
1.2;%4 2 gse

0.6;%:d 0.6
0.65;%:4 1.57°

g.3d
75.7Ff
15,160

1.9 x 1013

14 .

(I
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Table 6.3 (continued)

Capsule number 01-6 " 02A-6
Planned operating conditions

Temperature, °F

Fuel can 530 (control) 1600 max (control)
Fuel surface 18380 1650
Fuel center 2120 est. 2200 est.
Cladding pressure, psig ~1 atm (sealed) 300 (control)
Thermal barrier gas He . o
Hot gap widlly, in. 0.005 0.005
.Dimensional data
Fuel can outside diameter, 0.750 0.750
in. ’
Fuel can inside diameter, 0.710 ' 0.710
in.
Tuel outeide diameter, in. 0.500 0.706
Fuel inside diameter, in. 0.250 ‘ 0.323

Assembly drawing number . D-47396 , D-4779%

03A-6

1300 max (control)

1350
1900 est.

300 (control)
He
0.014

0.750

0.710

0.706
0.323
D-4779%

04-6

1600 max (control)
1650
2600 est.

300 (control)
He
0.015

0.850
0.820

0.816
0.520
D-47489

05B-6

1600 max (éohtrol).
1650
2200 est.

300 (control)
He
0.020

0.750
0.710

0.706
0.323
D-47794

062-6

600 est.
15008 (c

1900 est

50 (cont

.\

0.004

2.046

1.9375

11/2 (é%here)
]

. D-47490 -

¢

1
{

ontrol)

"0l )

08-6

600 est.
12008 (control)
1675P

50 (control)
N>
0.010

2.032

1.9375

1 1/2 (sphere)

D-47722

a1Thermocouple is 1/16-in.-0D Ta-sheathed Pt vs Pt-Rh insulated-

Junction type in open-ended Mo tube.

bSpecimgn ORNL-SS-1 in bottom of 08-6 equipped with 70-mil-OD-Ta
sheathed W—5% Re vs W—26% Re insulated-junction thermocouple, with 5-mil
Zr sleeve inserted into 82-mil-ID thermocouple well in screw plug; origi-
nal estimate of 3300°F temperature was based on thermal conductivity of

fuel region being 1 Btu/hr-ft (°F/ft).
®National Carbon-Parma sphere.

dPef sphere.

®ORNL sphere fueled with (U,Th)C, (Th/U .

fPer insert.

0.6).

gI‘hermocouple'is 4-mil Cu-plated type 347 stainless steel-sheathed
Chromel-Alumel grounded-junction type.

hTherm.ocouple is 1/8-in.-0D type 347 stainless steel-sheathed W—5%
in closed Mo well.

Re vs W—26% Re type, with BeO-beaded bare wiré
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Table 6.4. Operating Conditions of ORR Group . VI Capsules as of February 15, 1963

' Cladding Surface Temperature (°F) Central Power Flux (neutrons/cm?-sec)...
Capsule 4 .
o - — Temperature Density -
’ Design High Low Average (°F) (w/em?) Calculated Measured
| . , X 10%3 X 10%3
01-6 659 622 636 - 20002 2.0 1.4
0RA-6P 1600 1528 1326 1440 ‘ : 1.43 1.32
03A-6 1300 1295 1010 © 1177 : 1.43 . 1.32
04-€ 1600 1583 1396 1471 2435¢ - 1.36 -7 L.18
05B-6 1600 1571 1265 1448 . : 1.43 1.43
‘ o ' o Central |
Surface Temperature of Spheres (°F) Temperature
of Sphere .
No. 1 “No. 2 Nbi 3 ) No. 4 No. 4 (°F). | {
0676 1403 1520 1023 960 , 45,4 15¢ 1.94 1.54
08-6% 1045 1081 1167 1135 1763 167,8 8.3h 2.3 1.8

fCentral tﬁermocouple TE-107 failed on Dec. 13, 1962 when indicating
2085°F and has subsequently given intermittent indications.

bMidcapsule cladding thermocouple TE-204 failed February 1, 1963.

c . . :
Central temperature is indicated intermittently to be about 2100 or
2450°F; shifts occur when the reactor power changes.

dUpper spheres (calculated).
®Lower spheres (estimated).

fTemperat{)res were 750, 770, 820, 800, and 997, in the order given,
when 08-6 was operated at a power density of 13.3 w/cm3. ‘

€Power density is for fueled insert.

hPower density is for sphere containing fueled insert.

%ol
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described previously.4 It contains four 1 l/2—in.-diam spheres mounted

in pairs in two separate compartments. The upper compartment contains
spheres made by the National Carbon Company (batch NCF-S-2G, -K), which are
swept continuously with helium. The lower compartment is sealed for op-
eration under static conditions and contains one National Carbon Company
sphere (batch WCF-S-2-2-T) and one sphere made by General Atomic (batch
GA-S-1-7). There are no provisions for the measurement of fuel central
temperatures in these spheres, as there is for one sphere in capsule 08-6,
Fission-gas-release rates for the three sweep-type capsules now
installed in the ORR poolside facility, Ol-6 (fueled BeO), 06Z-6 (1 1/2-
in. -diam fueled-graphite spheres), and 08-6 (fueled graphite insert in
1 l/2-in.-diam graphite spheres), are summarized in Tables 6.5 and 6.6.
As shown, the release rate of Kr8® was 1.2 X 1073 after 0.95 at. % burnup
for capsule 0l-6; it was not detectable after 1.7 at. % burnup for capsule

4V. A. DeCarlo and F. R. McQuilkin, Capsule Irradiation in ORR Pool-
side Facility, pp. 238-251, "GCRP Semiann. Prog. Rep. Sept. 30, 1962,"
USAEC Report ORNL-3372, Oak Ridge National Laboratory.

Teablc 6.5. Summary of Fission-Gas-Release Data for
Capsule 01l-6 Containing Fueled BeO

Estimated  Estimated Fission-Gas Release as Ratio of
Time of Burnup Central Release Rate to Birth Rate, R/B
Sampling® (at. % of Temperature
total U) (°F) Kr85m Kr87 Kr88  Xel33  xel35

X 1073 X 107% x 1073 x 107% x 1073

4 0.01 1640 2.0

) 0.02 1640 2.2

5 0.02 2100 5.5
15.5 0.32 2100 1.9 9.0 2.0 1.1 2.8
17.5 0.36 2100 1.3 5.6 1.4 2.3
24 0.49 2100 2.2 5.8 1.5 1.45 3.1
31 0.63 2100 1.2 5.6 1.3 1.3 1.9
33 0.67 2100 0.93 4.2 1.3 1.0 3.9
38 0.73 2100 2.5 3.0 2.1 4.58
a 0.91 2100 3.1 2.5 1.2 3.1

- 49 0.95 2100 1.5 6.1 1.2 1.87

aDays of operation at 30 Mw.



Table 6.6. Summary of Operating and Fission-Gas-Release Data for Capsules 06Z-6 and 08-6

Surface

Fission-Gas Release as Ratio of Release Rate

s Estimated Average Surface Central Fission
‘;Ifr.le Burnup {at. Temperature of Temperature Temperature Power to Birth Rate, R/B
Samoline® % of total  Swert Spheres of Sphere of Sphere  Density
amp-1ing uranium) (°r) No.-4 (°F) No. 4 (°F)  (w/em?) Kr8°m kr87 kr88 Xel33 Xel33
Capsule 06Z-6
4 0.2 1144 33 No detectable fission gas
7 0.3 1285 39 No detectable fission gas
12 0.6 1431 45 _ No detectable fission gas
13 0.7 1434 45 No detectable fission gas
18 1.0 21491 45 No detectable fission gas
20 1.3 1507 45 No detectable fission gas
26 1.7 1455 45 No. detectable fission gas
Capsule 08-6
4 0.2 760 800 940 122 0-10
5 0.3 760 800 950 122 <1010
15.5 1.0 740 785 995 122 2.1 X107 3.8x10°% 1.8x10°7 1.6 x107° 2.7 x 1076
17.5 1.1 750 783 1000 122 1.9 X 10-6 4.6 x 108 1.1 x 10"7 3.1 X 106 1.6 x 10-8
24 1.5 780 767 983 122 6.3 x 10-7 2.3 x10°7 7.6 X108 5.1 x%x10°7 6.3 x 1077
31 2.0 1000 925 3290 152 1.7 X 1078 6.3 x 107 1.5 X 10"® 1.7 X 107 6.8 X 1076
36 2.5 1100 1133 1730 167 4.5 %1076 1.1 xX10°® 4.2 X106 1.6 Xx10°% 2.7 X 1076
38 2.6 . 1100 1133 1720 167 4,8 X10°6 2,0 x 10°® 4.8 X 107® 1.5 X 107% 3.2 X 1076
47 3.4 1070 1153 1730 167 2.6 X10°% 8.2 x 1076 2.7 % 10°5 4.1 % 10-% 1.6 X 1075
49 3.6 1085 1145 1725 167 9.1 X 1076 2.8 %x107% 5.5x210°% 1.6 X 10°3
54 3.9 1050 1135 1715 167 3 X 10-° 2.2 X107 2.6 x 10-5 8.3 X 107 2.0.x 10~
55 4.0 1055 1135 1712 167 _ 1.0 X 1073 3.4 X 1072 1.7 X 1077 2.0 X 10-3
62 4.5 1095 1130 1705 167 3.4 X 1075 1.3 x107° 3,7 X 10" 9,4 X 1077 2.3 x 1079
62 4.6 © 1112 1127 1700 167 4.3 X107% 1.3 X 1075. 4.1 x 1075 9.3 x10"% 1.7x 1075
63 5.2 1051 1133 1700 167  3.0%x107° 1,0X 1075 3.1 x 1079 8.2 X 1073

aDays at 30 Mw.

o¢t
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062—6; and it was 3.1 X 1072 after 5.2 at. % burnup for capsule 08-6. The
daughter trapping program for determining short-lived fission products was
temporarily postponed, and therefore no data from this phase of the pro-
gram are available.

Four capsules are being prepared for insertion in the ORR as a final
subgroup of the group VI irradiation series. These include three "four-
ball" capsules loaded with fuel specimens manufactured by several com-
mercial vendors. The other capsule will be a stainless steel-clad element
partially loaded with EGCR pellets shaped to avoid column loading at the
cdges. These pellete arce alternated with pellets of fhe original design
in this capsule to simulate this type of loading in the EGCR elements.

. Since a high rate of heating may increase the strain imposed by the
fuel column on the element cladding, the ORR procedures for startup and
return-to-pover were modified to limit the heatup rate of capsules in the
poolside facility. To simulate EGCR conditions, the maximum heatup rate-
was limited to l50°F/min. For present EGCR-capsule power-generating
rates, this corresponds to a maximum rate of increase in ORR power of

3 Mw/min. This revision was initiated at the beginning of cycle 44
(December 3, 1962),4éfter capsule 03-6 was discharged but prior to the
start of the later Westinghouse capsule irradiations of group VI.

The thermal-neutron flux of the ORR poolside capsules is now deter-
mined by measuring the radioactive Ar+t produced by passing argon through
a tube placed adjacent to each unit. Results from the first tests are
given in Table 6.4, which also lists the calculated design fluxes for
comparison. The system offers an excellent method for estimating inte-
grated thermal-neutron-fluxes during irradiation. Since the Ar4l fluxes

41 aetiva-

reported are instantaneous values, it is necessary to make Ar
tion measurements during each reactor cycle of the irradiation period.

Several modifications were made to. the poolside facility during the
ORR cycle 44 shutdown. These changes included modification of the capsule
mounting rigs to accommodate the larger capsules housing the graphite-
matrix fuel specimens and relocation of the capsule weight-loading points
to relieve the forces on the capsule-positioning mechanisms.

A summary of the final operating data for the group V capsules is

presented in Table 6.7. Similar tabulations were published previously,4
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i Table 6.7. Final Operating Data for Group V ORR Pooiside Capsules
o I . X -
Capsule number O%-5 02-5 03-5 04-5 05-5 06-5 07-5 08A-5
Cladding identification J=10 (clad) J-12 (clad) " CEA I-4 CEA I-1 J-4 (clad) J-8 (clad)
| .
Origin of fuel specimen 3M Co. Westinghouse - ORNL CEA France * CEA France ORNL Westinghouse NCC
' virgin ma- virgin ma-
‘ terial terial
Fuel identification 3M-101-61 3008 3008 NCC-UC-6

Type

Irradiation starting date
Irradiation ending date

Irradiation time normalized
to -operation at 30 Mwd

Effective thermal flux,
néutrqns/cmz-sec

Fuel density, % of theoretical
Fuel enrichment, % U235
Fuel oxygen-to-uranium ratio
Total power, Btu/hr-ft—- -
Total heat flux, Btu/hr.ft?
Burnup (calculated)

Total, Mwd/MT of

fueled specimen

" Rate, Mw/MT of fueled
specimen (at full power)

Typical irradiation conditions.

Claddihg outer surface tem-
perature, -°F

Design

High for entire run
Low for entire run
Average for entire run

Central temperature range

Max1mum claddlng outer sur-
face pressure, psig

Pyrolytic~carbon-

coated UC, fuel
particles in
graphite matrix
|.'v .

Nov. 1, 1961

Feb. 9, 1962°

87.9

, 3&0 x 1013 .

Bl
i

50.0
!

~16,000

81,520
L

11,934

71

1200
1205

730

1060
23002100
50

U0z pellets in
type 304 stain-
less steel
tubing

Feb. 20, 1962
July 29, 1962
134.98

1.43 X 10*3°

95, 44
2.46
2.002
~30,000
152,860

1,968

15

1600 (max)

. 1640

1090
1340

24102200

. 300

Vibratory-compacted
. ThOp ~-U0, granules
in type 304 stain-
less steel tubing

Dec. 27, 1961

Sept. 23, 1962

215.2
2,72 x 1013

86.0
93.2

~36,200
222,000

6,456

30

1300 (av)
1480 '
1050
1280

34002860
300

U0, pellets in
12-mil-wall
type 347 stain-
less steel
tubing

Nov. 1, 1961

_ Sept. 23, 1962

272.5

4.3 x 1013

94.8

1.9
2.0

~29,800
257,000

9,130

'33.5

1202 (av)
1320¢
940

1150

850

U0, pellets in
medium thin
(12-mil) walled
type 347 stain-
less steel
tubing

Nov. 1, 1961
Sept. 23, 1962
272.5

3.8 x 1013

94.8

1.9

2.0
~26,800
223,500

8,180

30.0

1202 (av)
1260¢
1020
1150

850

‘Vibratory com-

pacted ThO;-
U0, granules
in type 304
stainless

steel tubing

Dec: 27, 19612

Sept. 23, 1962
200.0

2.72 % 103

860

93:2

~36,200
222,000

6,000

30 .

1000 (av)
1210
800 -
1020

280024208
300"

U0, pellets in
type 304 stain-
less steel
tubing

Feb. 20, 1962
July 29, 1962
134.98

1.43 x 103

95, 44
2.46
2.002
~30,000
152,860

1,968

15

1600 (max)
1640
1160
1360.

2280-1980
300

Pyrolytic-carbon-
coated UC, fuel
particles in
graphite matrix

Feb. 20, 1962
Sept. 23, 1962
180.4

2.8 x 1013

50.0

~15,600
79,490

11,934

66

800
940

. 640

790
1800-1560
50

aThis capsule was not positigned correctly until January 16 1962.

bCa.psule retracted to reduce lrelease of fission gases; flux reduction factor, 3.4;

capsule removed from reactor Sept. )23 1962.

Temperature oscillations occurred in capsules 04-5 and 05-5 of *100°F and #50°F,

respectively.

d

The 1/16 -in.-OD bare W-5% Re vs W26% Re wire in a molybdenum well was the only

one of four of this type of central thermocouple in the group V capsules that operated
successfully throughout the run.
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but this revised table corrects an error in the specification of the
cladding material in capsules 04-5 and 05-5 and includes flux, power,

burnup, and temperature data obtained from postirradiation analyses.

Fuel-Ball Trradiation Tests in GCR-ORR Loop No. 2

C. L. Segaser R. L. Senn

The first of a series of fuel-ball test assemblies is being fabri-
cated for irradiation in the GCR-ORR loop No. 2 facility. The experiment
is designed for ascertaining the effects of nuclear heating on fueled-
graphite spheres exposed in a configuration in which thec heat transfer
is nonuniform and in which four spheres are held in straight-line contact.
A secondary purpose is to study the deposition on the loop surfaces of the
fission products that may be released from the spheres.

The fuel-ball test assembly will be mounted horizontally in a 3-in.-
diam tube at the end of a 4-in.-diam stepped shielding plug. The entire
assembly will fit into Lhe 18-in.-diam prescure-piping plug of the loop
No. 2 facility.’? Helium coolant will enter the outer end of the tube,
flow over the fuel balls, past the fission-product-deposition tube, and
then branch off to the gas outlet line, as shown in Fig. 6.13. The re-
mainder of the assembly is primarily a composite radiation shield equiva-
lent to about 4 ft of ferrophosphorous concrete.

The test section is arranged so that the four 1 l/2-in.-diam fueled-
graphite spheres are supported by unfueled graphite retainers cut from
spherical sections, as shown in Fig. 6.14. 'This arrangement simulates
one possible configuration in a bed of fueled-graphite spheres. The test
section is instrumented with ten type 347 stainless steel-shcathed Chromel-
P vs Alumel thermocouples, which are copper plated where they are in con-
tact with graphite. Three thermocouples will be localed at the test scc-
tion gas inlet, three in the graphite pieces near ball contact points,
one at the center of a fuel ball, and three at the test section gas out-

let.

°J. Zasler, GCR-ORR Loop No. 2, pp. 223—228, "GCRP Quar. Prog. Rep.
Sept. 30, 1961," USAEC Report ORNL-3210, Oak Ridge National Laboratory.



160

UNCLASSIFIED

== U”U““U”“U””‘WWWK/KWK&@W AT />>W/ /’Q"XQ"AK/K/‘W/‘&

1)

ORNL-DWG 63-1172
He COOLANT WATER\
PRESSURE PIPING COOLANT, (i /A : o , )
ANNULUS X
\ _FISSION PRODUCT DEPOSITION TUBE
—
I8 e K K KALAXLK LKA ‘ AR I /87¢) AlR SPACE \
¥ H
ﬂ:U S N /INSULATION REFLECTIVE INSULATION
HQF} 18-in. PLUG PIPE COOLANT ] ! ‘\ SRR rﬁ{]ﬁmﬁ{ﬁ’p ARy AR AN AN A A, e2s x/x“z\\,n S )
FLANGE\ LINES 4 N [ e

FERRO-PHOSPHOROUS

CONCRETE e \FUEL ELEMENT
v . ASSEMBLY
NS TRUMENT 4-in. STEPPED He BILET ﬁ\‘gq j o
SHIELD'NG PLUG — o ORI, X X XTI RRAT FRIX, 4 / 4 %I}OO’Y)’ KKK, X
ya . ( — / “PBRE
z . = / THERMOCOUPLES Be MODERATOR .
PRESSURE PIPE /EZZZZZZm:T RRRLLELLZLLL ZRLL L LRLXLLRZRLLZRLLLRLLLZLZL L L] LRLLZLL
COOLANT LINE SN US . 24-in SHIELDING PLUG st TE BETAHERS

18-in. PRESSURE PIPING PLUG

GAS INLET THERMOCOUPLES

iy

e

= ik,

AN [

= F — X,

LT ITETLLTLLELE LA

K ALLRLLLA L AL LLLLL %o [/7/)?’711 WS TS /:\ S

~

7

(HZO FLOODED

ANNULUS

Fig. 6.13.

Loop No. 2.

R

~

STEEL PEBBLE BED% OBROUND SECTION

( WATER COOLED)

Assembly for Tests of Fueled-Graphite Spheres in GCR-ORR

ORR SOUTH FACILITY PLUG

¥~ TT—REACTOR CO

OLANT
WATER

7

/



AXC

\ SUPPORT BALLS

\ 5

THERMOCOUPLE SUPPORT

\\THE RMOCOUPLE _EADS

Fig. 6.14.

FUEL ELEMENTS—

Fuel-Ball Section oI Test Assembly.

[T

INCHES

JNCLASSIFIED
ORNL-DWG 64818A

MONITOR,

‘% g-in.- diam WIRE\ / SgPPORT

) ALLS

7
4

7

S
P AR
Za

If
I
f
f

R

%

3 0D

<X

0

&

S

>

SECTION A-A

T9T



162

The fission-product-deposition tube is located downstream of the
fuel-ball test section and extends forward approximately 28 in. from the
loop outlet gas line to within 5 in. of the rear fuel ball, as shown in
Fig. 6.13. The deposition tube provides a relatively large surface that
can be examined after each test. The deposition surface temperature pro-
file will be established by a water-cooled heat exchanger located within
a carefully sized gas gap, as shown in Fig. 6.15. The temperatures will
range from that of the gas (1500°F, maximum) at the test section outlet
to about 600°F at the rear of the deposition tube. The temperatures will
be measured by six type 347 stainless steel-sheathed Chromel-P vs Alumel
thermocouples of varying lengths embedded in the outer wall of the deposi-
tion tube, as shown in Fig. 6.15. A seventh thermocouple, although at-
tached to the fission-product-deposition tube, will extend into the gas
stream to measure the outlet gas temperature as it leaves the test sec-
tion and enters the loop piping.

The material, surface finish, and wall temperatures of the fission
product-deposition tube can be varied for each test. Thus a series of
parametric experiments may be conducted to study the effects of the varia-
bles involved in transport and deposition of fission products. The first
test assembly will include a type 347 stainless steel tube with a 63-pin.
finish (approximately the surface finish of commercial tubing). Tempera-
ture criteria will be established during the first in-pile test.

Seventeen thermocouples and the water inlet and outlet lines to the
heat exchanger pass through the steel shielding section and a ferrophos-

phorous concrete shield in spiral tubing conduits. The thermocouple

leads are attached to a hermetically sealed, multipin connector that is
welded into the Marmon-Conoseal flange assembly which mates with the
flange of the 18-in. plug. The water lines are seal-welded through the
flange assembly. Suitable connections are made to the water lines and
thermocouple connector pins within the loop containment cell.

The proposed operating conditions for the initial fuel-ball test
are described in Table 6.8. After operation for two ORR cycles, the test
assembly will be removed from the loop for disassembly and hot-cell ex-

amination.
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Table 6.8. Operating Conditions for Fuel-Ball Test

No. 1 in GCR-ORR Loop No. 2 .

Fuel power density, w/cm? 30
Power level, kw 3.48
Fuel-ball test conditions

Surface heat flux, Btu/hr-ft? 60,800

Surface temperature, °F 1500—-1800

Internal temperature, °F 17382038 "
Helium coolant conditions in test section

Pressure, psia 300

Inlet temperature, °F 1200 )

Outlet temperature, °F 1268—1350 A

Flow rate, 1b/hr 73.8-184

Superficial mass velocity,® 1b/hr-ft? 2000—5000

Average heat transfer coefficient, Btu/hr-ft2-°F 125250

aDesign reference value was 3200 lb/hr-ftz.

Fission-Product Transport and Deposition in Coolant Circuits

F. H. Neill W. E. Browning, Jr.
A. B. Meservey 0. Sisman

Out-of-Pile Loop Test at BML (F. H. Neill)

The initial fission-product deposition experiment was completed in
the out-of-pile loop® at Battelle Memorial Institute. Helium coolant,
heated to 1200°F, was passed over a preirradiated UCy, fuel specimen. The =
fission products diffusing from the fuel specimen were carried by the
coolant around the loop and through simulated reactor components, that
is, heaters, heat exchangers, and a compressor. At the termination of
the test, the loop was dismantled, and the fission-product contamination
on the type 304 stainless steel loop tubing was determined.

For the first test, the UC, fuel specimen was irradiated for 10 hr

in a flux of 9.5 X 10! neutrons/cm2~sec. After cooling seven days, the

SF. H. Neill, M. N. Ozisik, and D. B. Trauger, Fission Product Trans-
port and Deposition in Coolant Circuits, pp. 250256, "GCRP Semiann. Prog.
Rep. Sept. 30, 1962," USAEC Report ORNL-3372, Oak Ridge National Labora-
tory.
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specimen was annealed at 1800°F with the loop operating under the follow-

ing conditions:

Helium pressure, psia . 240

Helium temperatures, °F

After specimen 1200

Cooler outlet 465

Blower inlet 460
Reynolds number , 4000 to 6000
Tubing outside diameter, in. 0.5

The gross gamma activity of the deposited fission products is shown
in Fig. 6.16 as a function of distance from the fuel specimen. The dis-
tribution of the individual species, as determined by radiochemical analy-

sis, is indicated in Figs. 6.17 through 6.20.
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Analytical Model (M. N. Ozisik)

The test data for the deposition-‘of fission products from the turbu-
lent helium stream on the inner surface of.a 0.37-in.-ID stainless steel
tubé in the BMI out-of-pile loop experiment (run 1) were correlated with

the analytical relations developed previously.6 As mentioned above, the

_.fission products were produced from an irradiated fuel specimen which was

‘heated to approximately 1800°F to allow the fission products to diffuse

into the gas stream; the fuel specimen had been stored after irradiation -

to allow the short-lived fission products to decay.
The calculated and the experimental data are compared in‘Fig. 6.21

as a function of the distance along the tube for an isothermal region of
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the tube. Sinée‘the source strength of the particles in the gas was not
known, no attempt was made to calculate the absolute value of the deposi-
tioﬁ, and therefore only the slope of the calculated curve is oif interest.
The following analytical relation was used for calculating the number of
particles deposited per square centimeter:

POCO —aox
e s (1)

Particles deposited = NO

A
o
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where : ' '
1 4p C
a=—- (N + < ,
U \° a
: 0.7.,0.570,8
C =o0.0p3 207U "
o HO..5d0.2
d = tube inside diameter, cm,
= diffusion coefficient, cmz/sec,
No = partigle concentration in the gas stream at the origin, particles

- 3
per cm”,
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P = probabﬁlity that a particle or atom will stick on the wall sur-

° face, dimensionless,

U = coolant velocity, cm/sec,

B = viscosity of coolant, g/cm-sec,
p = density of coolant, g/cm3,

A = hall 1lile, sec™.
The diffusion coefficient D was calculated from the relation

1/2

m3/2 41 1
D = 0.185 X 107? -4 — s (2)
2P \M M .
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where

molecular weight of colliding spheres (i.e., gas and fission-

Il

M, M/
product molecules),

P = pressurc, atm,

absolute temperature, °K,

o = distance between the centers of colliding spheres, A.

The wall surface was taken as a perfect sink (i.e., PO = 1), and the
fission products in the gas stream were assumed to be of molecular sizes
with a mean diameter of 3 A. ’If the exact molecular diameter had been

used for each type of fission product, the slopcs of the calculated curves
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would have varied slightly for the different species considered. The -
agreement between the slope of the calculated curve and slopes of the ex-
perimental curves is considered to be reasonably good.

No attempt was made to correlate the test data for the regions of
the loop where the coqlers were located and a temperature gradient existed
from the gas stream to the wall. The effect of a tcmperature gradient
is to increase or decrease the deposition rate depending on the direction
of the temperature gradient. For the‘temperature gradient present in the
gas stream, the total deposition can be assumed to have two components:
one from ordinary diffusion (i.e., Brownian motion) and the other from
 thermal diffusion. With a simple analysis it can be shown that the
ratio of the thermél diffusion component té ordinary diffusion component

is given by7

Thermal diffusion mass flux _ 1 o (EE 1/3 AT (3)
Ordinary diffusion mass flux 2 t \Sc T
where
Pr = CPu/K = Prandtl number,
Sc = u/pD = Schmidt number,
AT = difference between bulk-free stream and tube wall temperatures, °C,
T = mean temperature, °K,

o thermal diffusion factor, dimensionless.

The quantities on the right of Eq. (3) are such that for most practical
purposeé the diffusion component from thermal forces is much less than
that from Brownian motion of the particles.

The test data for the deposition of particles in the regions where
the coolers were located were significantly different from those in the
isothermal region. This difference could not be accounted for by esti-
mating the effects of the temperature gradient on deposition from Eq. (3).
Anélytical work.is ndw in progress in an attempt to resolve this apparent

anomaly.

M. N. Ozisik, "An Analytical Model for Fission-Product Transport
and Deposition,'" USAEC Report ORNL-3379, Oak Ridge National Laboratory
(to be published).
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Decontamination of Samples of BMI Loop Piping (A. B. Meservey)

Samples from three portions of loop piping which had been contaminated
by fission products from a UC, source at 1800°F were successfully decon-
taminated with oxalate-peroxide solutions. Samples exposed to the circu-
lating gas at 650 and 1000°F had average decontamination factors of 125
and 64, respectively, after 1 hr at 95°C in 0.4 M oxalate—0.16 M cit-
rate—0.34 M Hp0, at a pH of 4.0. Samples exposed at 1200°F had a decon-
tamination factor of only 2.0 with this treatment.' Decontamination factors
during the second hour were, in the same order, 1.5, 2.3, and 1.4. The
samples exposed at 1200°F were decontaminated to only twice the scintilla-
tion-counter background, with an additional decontamination factor of 15
(cumulative DF = 41), after 1 hr in a controlled-corrosion solution. This
solution contained 0.5 M H5C50, and 0.1 M NaF; with the HyO, maintained
at about 0.015 M by periodic additions. The corrosion rate on type 347
stainless steel was 0.009 mil/hr. Initial scintillation gamma-counting
rates were only 1 X 10% to 3 X 10% counts/min. The high-temperature sam-
ples were thus decontaminated, but they retained a dark oxide coating.

Other reagents were also used successfully. The best was 3 M HyS0,
plus 1 M Hy0p. .In 1 hr at 95°C, the decontamination factors on the samples
exposed at 1200, 1000, and 650°F were 140, 453, and 151, respectively. In
3 M HNO3 + 1 M Hz05, the results were 21, 246, and 240, and in 6 M HNOj
without H,0, the decontamination factors were 9, 103, and 45. In 10%
Turco 4512, an inhibited H3PO, solution, the decontamination factors were
only 2, 55, and 38, but further boiling in 50% Turco 4512 for 3 hr in-
creased the decontamination factors to 4, 325, and 137, with partial re-
moval of the dark coating from the sample exposed at 1200°F. A three-
stage treatment with Turco 4501 in the first stage, Turco 4502 in the sec-
ond, and Turco 4518 in the third gave decontamination factors of 6, 265,
and 63.

A second batch of samples was decontaminated in a steam spray. The
reagent was noncorrosive 0.4 M ammonium oxalate—0.16 M ammonium citrate—
0.5 M Hy0, at a pH of 4.0, which was aspirated into a 15-psig steam jet.
The treatment time was 30 min. Eight samples from different parts of the

loop, representing temperatures from 590 to 1150°F and scintillation
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gamme. activities from zero to 2 X 10% counts /min per sample, were each run
in duplicate. Samples exposed at 1150°F with activities of 1 X 10% to

2 X 10% counts/min had an average decontamination factor of 11, and sam-
ples exposed at 920°F with initial activities of almost 2 X 10% counts/min
had an average decontamination factor of 67. Other samples exposed at
lower temperatures and those more remote from the fission-product source
had much lower initial activities and were decontaminated essentially

to background. The higher temperature samples were thinly coated with

a dark oxide, which was lightened in color or removed by the steam blast.

Characterization of Gas-Borne Fission Products (W. E. Browning, Jr.,
R. D. Ackley, M. D. Silverman)

The behavior of gas-borne materials depends markedly on their form;
consequently, the prediction of their dispersal or transport or the se-
lection and design of systems for their removal from gases requireé in-
formation as to the distribution of radiocactivity between the different
forms. Two methods for determining the form of radioactivity in gases
were therefore investigated. In one method, diffusion coefficients for
fine particles and for radioactive vapors, such as iodine, were deter-
mined by measuring the distribution of radiocactivity on the walls of a
channel previously exposed to gas carrying radioactive materials and flow-
ing under laminar conditions. This method of characterizing gas-borne
radiocactive materials was applied to the problem of removing millimicron-
diameter radicactive particles from air streams. Such particles may be
too small in mass for efficient filtration>by inertial impaction, but
sufficiently large, as compared with molecules of iodine vapor, that
diffusion is too slow for efficient deposition. In tests using I'31-
labeled Al,03 particles with a nominal diameter of 0.004 u, high-efficiency
low-pressure-drop particulate filters exhibited efficiencies ranging from
less than 10 up to about 75%. With activated-carbon beds, 0.75 in. deep
and 6 X 16 mesh, iodine-vapor removal was essentially complete, but the
removal efficiency for 0.003 to 0.006 u particles was observed to be only
75 to 90%, the higher efficiency being associated with the finer particles.

Similar tests were carried out using fog condensation and foam en-

capsulation to remove millimicron-sized particles from air. In these
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tests, removal efficiencies of 85 to 99% were observed. These results
are encouraging, but the efficiencies are not high enough to provide the
basis for design of a fission-product removal system. Optimization of
these processes might provide a partial answer to the problem of small-
particle removal.

In the second method, fibrous filters are used for studying the char-
acteristics of radioactive aerosols. The transport of an aerosol through
an array of fibers involves the processes of inertial impaction, intercep-
tion, and diffusion. Since all these processes have important effects on
the behavior of radicactive materials in gases, it is useful to be able
tb characterize radioactive aerosols by measuring their behavior in fi-
brous beds under carefully controlled conditions. A filter was developed
that has a uniform fiber diameter to permit theoretical analysis and a
layered structure to facilitate separation of the fiber bed into discrete
layers for radioassay after exposure to the aerosol. A radioactive aerosol
of 0.004 to 0.03 p particles containing Zn%% was developed for initial
tests. '

Preliminary results indicate that the techniques used are satisfactory
and should provide useful information on aerosol character and on filtra-
tion mechanisms. The slope of the distribution curve on a semilog plot
equals the coefficient of interaction hetween the aerosol and the fibers
and is composed of terms corresponding to each of the interaction pro-
cesses. This coefficient is characteristic of the aerosol species. At
the lowest linear velocity (~0.4 ft/min), where diffusion would he con-
trolling, collection efficiency is increased by decreased velocity, as
expected. At higher flow rates, where the primary mechanism of filtration
is interception for particles of this size, the efficiency appears to be
independent of velocity, in accord with theory. This investigation is
- being continued to provide a more specific identification of the ﬁecha—
nisms that produce the distribution patterns observed. Interpretation
of distributions in terms of aerosol characteristics will then be pos-
sible. It is anticipated that this work will also extend the theory of
the performance of fibrous filters to conditions for which little infor-

mation is now available.



175

In-Pile Fission-Product-Deposition Experiment MIR-48-6 (M. F. Osborne)

Specimens of type 347 stainless steel, Croloy, AGOT graphite, and
silver were exposed in the purge gas stream from experimental assembly
MIR-48-6. Each specimen was a thin disk, 0.6 in. in diameter. One speci-
men of each type was located 1 1/4 in. downstream from the fuel cylinder
and another was 2 1/4 in., downstream from the fuel cylinder. During ir-
radiation the temperatures of these specimens were between 600 and 800°F.

After removal from the reactor, each specimen was leached in nitric
acid, and the solute was énalyzed for the common fission products. The
results of these analyses are given in Table 6.9, The silver specimens

retained the most fission products, except for csl137,

The very high con-
centration of Agllo in these specimens was due to neutron activation.
The type 347 stainless steel specimens appeared to retain fewer fission

products than the other materials.

Release of Fission Products by In-Pile Burning
of Irradiated Fueled Graphite

W. E. Browning, Jr. C. E. Miller, Jr.
R. P. Shields B. F. Roberts

Thrée experiments were conducted in the ORR in which pyrolytic car-
bon-coated uranium carbide particles in a graphite matrix were burned at
temperatures up to approximately 1400°C. In these experiments, fission
and gamma heat produced a sufficiently high temperature for a large por-
tion of the fuel to burn during the 15-min period in which air was sup-
plied as the sweep gas. The method of running the experiment and the
results of the first experiment were described in the previous report.8
The specifications for the specimen and pertinent experimental conditions

are listed below:

Burning conditions

Initial temperature 890°C
Combustion temperature Up to 1400°C
Air flow rate 400 em?/min

Burning duration 15 min



Table 6.9. Fission-Product-Deposition Data for Specimens Exposed in Purge
Gas Stream of Experiment MTR-48-6

Fission-Product Deposition at Shutdown (azoms)

Specimen®
Cel44 Bal40 Csl37 Agllo Zr95 Y91 SI‘89
Silver
TopP 8.55 x 1211 1.59 x 1014 <10t! 1.38 X 1017 1.5 x 10*%  5.57 x 10?2 1.47 x 1013
BottomP 1.07 X 1Ct3 7.9 x 1014 <101? 1.64 X 1017 6.77 x 1011 2.57 x 10'3 3.4 x 103
Croloy
Top 1.69 x 10t 1,62 x 1013 - 3.3 X 102 1.38 x 10'® 4.22 > 10° 3.85 X 10'* 1.26 x 1013
Bottom 1.24 X 101 5.67 x 1013 3.25 x 1012 9,15 X 10?2 7.57 > 10° 7.72 x 10?2 1.6 x 1013
Graphite . '
Top 2.02 X 10** 1.75 x 1013 3,5 x 10'% 3,05 X 1011 2.85 » 10° 3,97 X 10'? 1.31 x 10'3
Bottom 1.79 X 101 1.38 x 1913 3.72 x 10'2 1,07 x 10'3 6.72 > 10° 7.2 x 10%? .47 X 1013
Bottom® 7.27 X 102 1.74 X 10'2 9.6 x 10?2  7.15 x 1011 5.57 x 10! 5.37 x 101t 9.55 x 1011
Tyoe 347
stainless
steel
Top 3.55 X 1911 3.3 x 1083 2.06 X 10%2 4.05 x 1081 3.72 x 10 C 2.32 x 10?2 22 % 10%?
Bottom 4.25 X 120 4,37 x 10'% 9.22 x 10t 6.05 x 101 2.20 x 10° 1.39 x 10%? 25 x 1012
®Fach sample ‘was leached with 25 ml of & N HNO3 at room temperature

for a pericd of 24 hr.

bTop specimens were 2 1/4 in. from fuel; bottom
in. from fuel.

specimens were 1 1/4

“After room-temperature leaching was completed, this sample was boiled
for 8 hr using total reflux in 25 ml of 8 N HNOjs.

9LT
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Fuel specimen

Particles Pyrolytic-carbon-coated uranium
carbide

Matrix Graphite

Manufacturer Minnesota Mining and Manufacturing
Co.

Dimensions 0.6-in.-0D bushing, 0.5 in. long
with 0.25-in. axial hole

Uranium content 8 to 10 wt % natural uranium

As the graphite matrix burned, some of the fuel particles fell away
from the unburned fuel. Metallographic examination of these particles
and those in the unburned fuel showed that the damage to particles ranged
from none to complete destruction of the coating and oxidation of the
uranium carbide. Typical particles that fell away during burning are
shown in Fig. 6.22. It was not possible to determine the percentage of
particles of each type shown. Some of the particles that remained in the
unburned fuel also showed cracks. In experiment 1, a count of the damaged
and undamaged particles, obtained by scanning the exposed surfaces, showed
that about 45% of the particles had at least one crack in the coating.

In experiment 2, the uranium content of the specimens was so low that the
results were not analyzed.

The results of experiment 3 confirmed, for the most part, the results
of experiment 1. In the first experiment, 58% of the specimen burned,
compared with 41% in the third. In the third experiment, most of the
uranium carbide in the specimen was concentrated on one side, and this
side burned very little; 93% of the uranium was found by analyses to be
in the unburned fuel.

Fission-product-release data for experiments 1 and 3 are presented
in Table 6.10. A large fraction of some of the fission products was prob-
ably retained inside those particles having undamaged pyrolytic carbon
coatings, especially those in the unburned fuel. The release of strontium,
zirconium, barium, cerium, and uranium from the high-temperature zone of
the furnace was very low, but large fractions of iodine, tellurium, and

cesium were released. Forty percent of the ruthenium was released from

8W. E. Browning et al., Release of Fission Products by In-Pile Burn-
ing of Irradiated Fueled Graphite, pp. 256259, "GCRP Semiann. Prog. Rep.
Sept. 30, 1962," USAEC Report ORNL-3372, Osk Ridge National Laboratory.
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Fig. 6.22. Pyrolytic-Carbon-Coated Uranium Carbide Particles Showing
Various Stages of Oxidation. =

the furnace in experiment 1 and 5.7% in experiment 3. The loss of ru-
thenium in the first experiment was probably due to the formation of vola-
tile oxides. Analyses for krypton and xenon were omitted to avoid devel-
oping refrigerated adsorbers to operate in air. The following conclusions
are based on experiments 1 and 3:

1. Strontium, zirconium, barium, and cerium are retained where they

are formed.



Table 6.10. TFission-Product-Release Data from Ian-Pile Burning Experiments 1 and 3

Material Found, Expressed as Percentage of Total Material
Found in Experimental Assembly

SI‘89 ZI'95 Rul 06 1131 Te132 CslB’F Bal40 Cel44 U

Unburned fuel?

Experiment 1 50.6 38.2  27.0 59.7 47.6 38.1 5.7 54.8 61.9

Experiment 3 s 83.9 87.0 82.4 76,1 39.1 84.9 85.3 93.9
Outside of frel residuesb

Experiment 1 13.8 3.7 48.2 28.9 b7 51.3 14.5 9.05 2y 12

Experiment 3 13,1 5.04 8.81 16.5 23.2 54.5 6.96 6.98 0. 877
Retained in furnace

Experiment 1 98.8 99.5 593 73 .2 64.9 63.0 99.5 93.8 99.6

Experiment 3 28.7 98.7 94.3 85.6 85.7 58.4 99.3 97.1 99.8

%In experiment 1, 58.6% of the sample was burned; in experiment 3,
%1% burned.

bFuel residues included the unburned portion of the specimen, fuel
particles, fuel powder, and the floor of the combustion furnace.

6LT
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2. The unburned fuel retained 88 to 97% of the iodine associated
with the uranium of the unburned fuel.

3. Fifteen to 25% of the iodine, 15 to 35% of the tellurium, and
35 to 40% of the cesium was released from the furnace.

4. The release of ruthenium varied between 5 and 40%.

5. An appreciable amount of cesium (10% of total), ruthenium (1%),
and iodine (1.5%) penetrated the filter, but tellurium was retained by
the filter.

6. The fragments that fell away from the specimen during burning
contained the same percentage of carbon as the unburned fuel.

7. These experiments indicate that the uranium carbide-lean side of *

a heterogeneous specimen burns preferentially.

Compatibility of Pyrolytic-Carbon-Coated Uranium Carbide Particles
and Uncoated Fuel Bodies with Water Vapor in Helium

L. G. Overholser J. P. Blakely
J. L. Rutherford

Experimental results were reported previously9 for the reaction of
coated particles from lots 3M-113 and 3M-114 with steam-helium mixtures
in the temperature range 700 to 1000°C. The partial pressures of steam
employed ranged from 55 to 355 mm Hg at a total pressure of one atmosphere.
Although the coatings present in the two lots of particles were both lami-
nar and approximately equal in thickness, the coatings on the 3M-114 par-
ticles afforded better protection of the cores against attack by steam
than did the coatings on the 3M-113 particles. This difference in pro-
tectiveness could not be accounted for by differences in the reaction
rates of the respective pyrolytic-carbon coatings with steam. Photomic-
rographs of the particles following exposure to steam showed that the
attack on the 3M-113 particles consisted of localized pitting, whereas

more generalized attack occurred on the 3M-114 particles.

oL, G, Overholser, J. P. Blakely, and N. V. Smith, Compatibility of
Pyrolytic-Carbon-Coated Uranium Carbide Particles with Water Vapor in -
Helium, pp. 259269, "GCRP Semiann. Prog. Rep. Sept 30, 1962, " USAEC
Report ORNL-3372, Oak Ridge National Laboratory.
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Samples of pyrolytic-carbon-coated uranium carbide particles from
lot 3M-117 were exposed to steam using the equipment described previously.l0
Particles from lot 3M-117 are polygonal in shape with an average diameter
of 375 p, have a laminar coating with a nominal thickness of 100 p, and
contain 44.1% uranium. This material was contacted at 800 to 1100°C with
steam-helium mixtures having a partial pressure of steam of either 355 or
635 mm Heg and a total pressure of one atmosphere. Following the exposure
to steam, the particles were leached with 8 M HNO3 at 90°C for 8 hr, the
extracted uranium was measured, and the particles were examined micro-
scopically. The rates of reaction of the pyrolytic-carbon with steam were
determined from weight changes and represented average rates during the
exposures.

The data listed in Table 6.11 show the rates of reaction of the
pyrolytic-carbon coatings and also give a measure of the integrity of the
coatings as determined by the uranium removed by the HNO3 leach following
the steam treatment at the various temperatures and partial pressures of
steam. In agreement with the earlier results,9 the reaction rates of the
pyrolytic-carbon with steam increase with increasing temperature and steam
pressure. The rates also are in fair agreement with those given earlier.
The results for run 25 show the drastic attack that occurred at 1100°C
upon exposure for 1 hr.

The uranium contents of the HNOj3 leach solutions indicate that the
coatings on the 3M-117 particles afford less protection to the cores when
exposed to high-temperature steam than was found in the case of the 3M-114

particles.9

They are more protective than the 3M-113 coatings, however.
The results obtained at 1000 and 1100°C indicate that the coatings are
more protective at the lower temperature, based on comparable removal of
pyrolytic carbon (see runs 1, 12, and 25), suggesting that the type of
attack is temperature dependent.

Photomicrographs of several of the samples taken after exposure to

steam are shown in Figs. 6.23 through 6.27. All particles except those

101, @. overholser, J. P. Blakely, and N. V. Smith, Compatibility of
Coated and Uncoated Uranium Carbide Particles with Water Vapor in Helium,
pp. 223—224, "GCRP Quar. Prog. Rep. March 31, 1962," USAEC Report ORNL-
3302, Oak Ridge National Laboratory.



Table 6.11. Reactivity of 3M-117 Coated Particles with Steam

Quantity of Pyrolytic Uranium Removed

Sample Steam Exposure Conditions Carbon Reacted by HNO3 Leach
< : Pressure
No. W?l%ht %;m§ Tem%ié?ture of Hy0 Gram Per Cent gram ﬁer Gram Per Cent
g r (mm Hg) ram-Hour
20 2.07 4 800 355 0.069 6.4 0.016 0.004 0.4
16 2.10 i 800 635 0.001 0.1
23 1.98 4 800 635 0.163 16 0. 040 0.011 1.3
5 2.06 1 900 355 0.030 2.8 0.028 0.027 3.0
6 2.10 2 900 355 0.075 6.9 0.035 0.057 6.2
22 2.06 4 900 355 0.115 11 0.027 0.032 3.5
17 2.03 4 900 355 0.142 13 0.034% 0.053 5.9
21 2.01 4o5 900 355 0.117 11 0.025 0.024% 2.7
8 2.13 1 900 635 0.078 7.1 0.071 0.006 0.6
24 1.62 1 900 635 0.052 6.2 0.062 0.032 4.5
7 2.01 2 900 635 0.172 17 0.083 0.037 4.1
3 2.56 1 1000 355 0.08% 6.4 0. 064 0.050 bod
2 1.98 2 1000 355 0.186 18 0.092 0.122 14
19 2.05 2 1000 355 0.133 13 0.063 0.031 3.4
12 2.01 4 1000 355 0.417 40 0.10 0.061 6.8
1 2.34 4 1000 355 0:521 43 0.11 0.046 4.5
10 1.92 1 1000 635 0.114 11 0.12 0.036 4ol
25 1.78 1 1100 635 0.421 46 0.46 0.316 40

28T
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Fig. 6.23. Coated Particles of Run 20 After 4 hr of Exposure at 800°C
to Steam at a Partial Pressure of 355 mm Hg. (Original reduced 19%. )
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Fig. 6.24. Coated Particles of Run 19 After 2 hr of Exposure at 1000°C
to Steam at a Partial Pressure of 355 mm Hg. (Original reduced 19%. )
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Fig. 6.25. Coated Particles of Run 1 After 4 hr of Exposure at 1000°C
to Steam at a Partial Pressure of 355 mm Hg. (Original reduced 19%.)
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Fig. 6.26. Coated Particles of Run 25 After 1 hr of Exposure at
1100°C to Steam at a Partial Pressure of 635 mm Hg. (Original reduced

19%. )
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Fig. 6.27. Coated Particles of Run 25 After 1 hr of Exposure at
1100°C to Steam at a Partial Pressure of 635 mm Hg Prior to HNO3 Leaching.

shown in Fig. 6.27 were photographed after leaching with HNO;. Some in-
dications of pitting attack are shown in Fig. 6.23, but, in general, the
most conspicuous effect is the separation of the layers of the coatings.
The extensive attack that occurred at 1100°C, with peeling, cracking, and
pitting very much in evidence, is shown in Fig. 6.26. The residues from
the cores may be seen in Fig. 6.27, which is from the same sample as shown
in Fig. 6.26 but was photographed prior to leaching with HNOj3.

The results obtained by exposing the various lots of coated particles
to steam at elevated temperatures show marked differences in behavior that
appear to be associated with different modes of attack by steam under these
conditions. The cause of the differences noted among these lots of par-
ticles, all of which had laminar coatings, is unknown but must be associ-
ated with the conditions used during deposition of the coatings. Rela-

tively small differences in the reaction rates of the coatings with steam
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have been observed at comparable conditions of exposure. Much larger dif-
ferences have been noted in the degree of protectiveness of the coatings
after comparable exposure. There is no clear-cut relationship, however,
between the amount of pyrolytic-carbon coating removed and the incidence
of failure of the coating, as determined by leaching with HNO3;. Extensive
failure of the coatings would be expected at 1100°C for short exposures

to steam. The results are much more favorable at temperatures of 800°C
and below. Experimental evaluation appears necessary before the compat-
ibility of a particular lot of particles with steam at temperatures of
900 to 1000°C can be predicted with any degree of certainty.

Equipment has been assembled and tested for use in the study of the -
compatibility of various uncoated fuel bodies with steam at temperatures
of 800 and 1200°C. Steam from an electrically heated boiler is passed
upward through a 2-in. mullite tube containing the sample; the steam is
condensed; and the reaction products in the gas stream are sampled and
analyzed. A slow bleed of helium (15 cm3/min) is employed to facilitate
sampling of the gas.

Test runs were made at 900 and 1000°C using a 1.5-in. sphere (~50 g)
of Speer moderator-2 graphite. Hydrogen generation rates of 4 and 27
cm3/min were found for the sample at 900 and 1000°C, respectively. Steam
flow rates varied from 600 to 1800 cm?®/min at a partial pressure of ~730
mm Hg. The effect of flow rate was small in this range. The study of

uncoated fuel bodies in this equipment will be started soon. -

Thorium Diffusion in Pyrolytic Carbon

R. B. Evans IIT 5 PO 1 i v iy ] .

An accelerated investigation of the diffusion characteristics of
thorium in carbon and in graphite is under way to provide information
needed in the procurement of fuel elements for the German pebble-bed re-
actor (AVR). These fuel elements are to contain coated thorium-uranium
carbide fuel particles in which the thorium-to-uranium ratio will be in
the range 9 to 7 and the coatings will consist primarily of pyrolytic 2
carbon with a columnar structure. Similar studies involving uranium car-

i

bide have been under way for some time, and some information on pyrolytic-
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carbon-coated uranium carbide is presently available;1? however, companion
information on pyrolytic-carbon-coated thorium carbide does not, apparently,
exist. Although the diffusion of thorium from a constant-potential car-
bide source is probably of greater applied interest than the trace layer
techniques described here, it was deemed advisable to start the present
-investigation with the latfer. The major factor leading to this decision
was a desire to acguire thorium diffusion information as rapidly as pos-

sible.

Description of the Carbon

The details of the techniques used in manufacturing the pyrolytic
carbon being investigated are not available; however, the structure and
properties of this material are comparable with those of carbons that
have béen prepared by the pyrolytic decomposition of methane at 20 mm Hg
(total pressure) and 2000°C. The properties of the gross material are
nearly the same as those of the grains that constitute its microstruc-
ture.l3 These grains are large and conical in shape and are usually de-
scribed as columnar grains. The planar surface of the gross material
corresponding to the planar surface of deposition is parallel to the crys-
tallographic "a'" direction of a large majority of the grains; the "c' .
direction is perpendicular to the deposition surface, The conical ver-
tices of the grains are adjacent to this surface. The material is dense,
with zero open porosity. In coatings, the uranium diffusion would pro-

ceed in the "c" direction, starting at the cone vertices.

Procedure for Experimental Studies of Diffusion

The pyrolytic graphite described above was utilized in the form of
0.375-in. -square coupons with a thickness of 0.150 in. The surfaces nor-

mal to the diffusion direction were ground flat to within i2;5 p. The

1l y. 0. Harms, "Coated Particle Fuel Development at Oak Ridge
National Laboratory,'" USAEC Report ORNL-TM-431, Feb. 14, 1963.

12R. J. Borg, D. R. McKenzie, and J. R. Wolfe, "The Self-Diffusion
of Uranium in Pyrographite,' Canadian Report UCRL-6827T, March 15, 1962.

13p. 1. Walker, Jr., American Scientist, 50(2): 259-358 (1962).
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first step in preparing the coupons for experimentation was to heat them
at 177Q°C for 12 hr under helium to remove adsorbed gases. A very thin
layer of thorium was placed on the ground surfaces‘by mounting'the coupons
on a rotating target device and bombarding the surfaces with Th+‘iqns in
anbelectromagnetic separator (24-in. radius). The results of thorium
analyses performed on several coupons at various positions on the target
indicated that the thqrium was deposited uniformly over the target area.
The average surface content of thorium on the pyrolytic carbon coupons
aftér placement was 8.9 pg Qf thorium per square centimeter. The electro-
magnetic-separator -run was timed to deliver 10 ug of thorium per square

" centimeter. It was also found that the depth of thorium penetration into
‘the carbon matrix was approximately 5 uj hoﬁever, these low values could
not be determined accurately by ofdinary sectioning techniques.

After thorium placement, ‘the coupons were subjected to diffusion
annealing in an evacuated graphite resistance furnace and then activated
in the ORNL graphite reactor. The activated coupons were individually
cémented to a precision-ground metal cylinder which, in turn, was checked
in a precision lapping device for the sectioning step. The most critical
operation in regard to lapping was alignment of the plane of the'coupon
diffusion surface with the plane of lapping (as determined by the charac-
teristics and &imenéions of .the lapping device). With great care, this
operatibn could be perforhed so that the two plahes were parallel within
the original surface tolerances'(i2.5 k). After mounting, the total ac-
tivity of fhe coupon was determined, and then sections of the coupon were
removed. The activity remaining in the coupon.was determined as each
section was removed. The cbunt rates were determined by measurement of
the 0.31-Mev gamma emission of Pa?33 (formed by fhorium activation) using
a .scintillation detector in association with a single-channel differential

analyzer.

Applicable Diffusion Equations

The diffusion geometry for an infinitely thin layer of thorium on
the surface of dense nonporous carbon becomes that of an unreplenished

plane source with the diffusion path extending into a semi-infinite matrix
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in the direction normal to the plane surface. The solution to the diffu-

sion equation for these boundary conditions is
X2
C(x,t/) = —————— exp [— 5 (1)
(nDt/)1/? 4Dt/

where t/ is the exposure time in seconds for a fixed time interval, x is
the depth of penetration normal to the surface in centimeters, C is the
concentration as a‘function of x and t/, Q is the total amount of diffus-
ing material placed initially at x = O in grams per square centimeter, and
D is the diffusion coefficient in square centimeters per second,

" The measured amount M(x,t’) in grams of thorium remaining after re-

moval of Ax parallel to the activated surface can be defined as

Mﬁﬁ%§12-=‘[w C(x,t7) ax @
X/

where x/ is a particular depth of sectioning and A is the érea normal to
diffusion. By substitution of Eg (1) into Eq. (2) and integrating, the

fraction of thorium remaining becomes

M(x’,t’) 2 o0 2
F = — = " j‘ e ™ du = erfc u , (3)
AQ (m) u’
where
X/
W = —_— (4)
<4Dt,)l/2 :

Values for the complementary error function (erfc u) have been tabulated
in the literature and can be used to calculate experimental values for D

based on the distribution data. The relationship is simply
D= (x//u’)?/(4t7) ,

where the x's and u's correspond to the same F values.

Results

Data are available for four completed experiments involving diffusion

annealing for 1, 17, 49, and 100 hr at approximately 1900°C. The first
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o

test of the data correlations was performed by preparing cross plots of

the experimentally determined distribution data so that a series of x’/

versus (t7/)1/2 curves (each at a constant value of F) would be obtained.

These curves are presented on Fig. 6.28.

It should be noted that the

curves do not pass through the origin and do not possess a constant slope.

According to Eq. (3), however, these conditions should have been met if

(1) an infiniﬁely thin thorium layer were present on the surface af time

zero and (2) all the experiments were conducted at the same temperature

(the same D), since by Eq. (4) there can be only one value of u for a

given F.
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It was not surprising to find a nonzero intercept for the curves
on Fig. 6.28, since small penetrations were observed on unannealed cou-
pons and a small amount of diffusion occurred during the heatup period.
These effects were taken into account by assuming that an initial distri-
bution, as described by Eq. (3), existed at time zero and that a "dummy"
(Dt)g, common to all the experiments, could be applied in the calculations.
The (Dt)o value utilized was 7.5 X 10~7 cm®. The computed D values em-
ploying the small (Dt)g correction were 6.6 X 10~11) 5.6 X 1071, and
4,2 x 10741 cmz/sec at 17, 49, and 100 hr, réspectively. It was clear
that D still varied either with t/ or x/, even with the zero-time correc-
tion. Since the structure did nqt alter during the diffusion annealing
period, t/ was excluded as a possible cause of the variations in D. This
led to the tentative conclusion that the variations in D were the result
of variations in structure along x. It should be mentioned that the posi-
tive x direction for the diffusion observed in these experiments was in
the "c¢" direction of the structure as measured from the initial to the
final deposition planes.

As a final check of the data, a generalized plot of the 17—, 49-,
and 100-hr results was prepared using an average D value of 5.47 X 10711
cmz/sec. This curve is presented on Fig. 6.29. The agreement between
the experimental and theoretical u values is good, considering the com-
plex structure of the pyrolytic carbon. Additional experiments to de-

termine D values at different temperatures are under way.

Uraniuﬁ Migration in Porous Graphite

C. M. Blood J. Truitt

Studies of‘the migration of uranium in porous graphite are of im-
portant practical significance to the design of the fueled-graphite sys-
tems presently being considered for a number of reactors. Fuel consisting
of uranium carbide in a graphite matrix is to be employed in the Dragon

Reactor Experiment in England,14 the HTGR-Peachbottom reactor being built

14G, E. Lockett and R. A. U. Huddle, Nuclear Power, 5: 112 (1960).
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by General Atomic near Philadelphia,}® the UHTREX reactor at Los Alamos,16
and the AVR pébble-bed reactor in Germany.17 The fuel elements of each
reactor consist of fueled-graphite bodies encased in an unfueled graphite
sleeve (or shell) that is cooled by helium. Recently, use of the newly
developed pyrolytic-carbon coated fuel particles in the fueled-graphite
bodies has been under serious consideration. The use of such particles
would be Jjustified by the favorable fission-product-retention properties
of the coatiné material (see previous sections of this chapter, especially
Fig. 6:12). Although coatings may be designed with a suitable estimated
lifetime, uranium migration through the permeableﬁgraphite matrix and the
encasenment sleeve could be a problem if an appreciable number of coétings'
prematurely ruptured. Therefore studies of the rates of migration of
uranium from uranium carbide through porous graphite were initiated along
with similar studies on pyrolytic carbon.

The experimental work was begun with the AGOT graphite and uranium
carbide system. Suitable couples appeared to have been fabricated, as
described previously,18 by heating uranium-metal foil placed between two
graphite coupons. Microscopic examination of the uranium carbide-graphite
interface revealed that the U°-UC liquids had penetrated the pores of
graphite during the conversion of UO to UC, and UC-UC,. This systemvwas
soon abandoned because the concentration profiles were hidden by the po-
rous penetration, which was 2 to 5 mile in depth.

The next experimental effort with porous graphite involved using
graphite uniformly impregnated_with uncoated UC, (25 wt %) as the source
laye;, furfural-impregnated graphite, and carbon cement. A diffusion

couple "sandwich" was made by placing a source layer between two coupons

of furfural-impregnated graphite; one coupon had the source layer cemented

. 15General Atomic, "Peachbottom Preliminary Hazards Summary Report,"
*NP-9115, Part B, Vol. I and II, August 1961

167,05 Alamos Scientific Laboratory, "Ultra-High Temperature Reactor
Experiment Hazards Report,' USAEC Report LA-2689, April 1962.

17D, Machnig et al., Nuclear Power, 6: 63 (1961).°

18c. M., Blood, Diffusion of Fuel and Nonvolatile Fission Products in
Fueled Graphite, pp. 173-178, "GCRP Quar. Prog. Rep. Dec. 31, 1961," USAEC
Report ORNL-3254, Oak Ridge National Laboratory.
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to it, and the second was simply placed on top of .the opposite side of
the source layer without cement. The couple was securely held together
and subjected to a diffusion anneal in an evacuated graphite resistance
~ furnace. Portions of both coupons of the "sandwich" were sectioned by
the wedge technique and also by slicing in planes parallel to the origi-
nzl interface. Sections obtained by the wedge technigue, designated "A"
samples, were designed to obtain steep concentration profiles near the
interface; and sections obtained by slicing parallel to the interface,
designated "B" samples, were designed to supply profiles for relatively
rapid migration processes. ‘

Penetration data were obtained from each of the two respective cou-
'pons'of four couples that were prepared as described above and annealed
at 1900°C. The uranium concentrations of the A samples taken from respec-
tive coupons did not show concentration gradients_near the interfaces.

The uranium contents of'theseAsamples in the isothermal region of a coupon
were nearly the same. Therefore the average value of all the uranium:
analyses obtained from a given coupon were. interpreted as representative
of the over-all concentration of uranium in an unsectioned coupon. These

data are reported in Table 6.12.

Table-.6.12. Uranium Migration in a. Pdrous
Uranium Carbide-Impregnated Craphite
System at an Average Temperature of 1900°C

Uranium ConcentrationP

Diffusion .
Couple Annealing Ogoiogzzs(G;iigﬁte
No. Period® D &
(hr) Cemented Uncemented
X 10™% X 1074

1 0.083 0.02 0.04

2 0.083 0.21 © 0.08 -

3 26.5 3.8 3.3

4 208.3 - 13.6 13.4

Sime required to reach 1900°C was approxi-
mately 1 hr in each experiment.

bBased on a graphite density of 1.782 g/cm?
and the total uranium content of the A samples.



[

195

Analyses of A samples in the non-isothermal sections of a coupon,
which were usually discarded, indicated less uranium migration at .lower
temperatures. The B samples taken from other portions of the coupons
liéted in Table 6.12 provided the approximate concentration profiles pre-
sented in Fig. 6.30.

A comparison of the data reported above for the A samples of two cou-
pons comprising a douple show that the cement layer at the interface of
the couple has no apparent effect on the rate and amount of mass transfer
of uranium into porous graphite. This indicates that the cement layer
does not make the porous graphite less penetrable, even though some of
the pores may have become plugged.

The parabolic shape of the concentration profiles obtained from B
samples, shown in Fig. 6.30, does not correlate with that predicted for
uniform solid-state migration (Fick's law). Such predicted profiles show
the largest concentration gradients near the interface, while those in
Fig. 6.30 show the least for the porous graphite. It appears that the

uranium penetration is much faster than what might be expected for solid-
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state migrétidh descriﬁed;by semi-infinite and constant-potential boundary
conditions. This premise is furtﬂer supported by the profile obtained
from the 208-hr exposure at 1900°C, which shows a slight accumulation of
uranium at the back boundary. These experimental results suggest that
there is an additional source of uranium within the couple beyond the
interface and that the mechanism of mass transfer of uranium is complex.
It is probably caused by pore and surface effects coupled with an adsorp~
tion-desorption phenomenon, in addition to solid-state migration. Although‘
the experiments were conducted at:a higher temperature than that for re-
actor operation,‘the same mechanism of mass transfer would be expected to
exist at lower temperatures.. , A

Further examination of the data in Fig. 6.30 raises the gquestion of
thé value of the concentration, CO. It is clear that the driving force
or apparent saturation of uranium in a particular graphite at x = 0, de-
fined as Co’ is a variable with temperature; but.it is not entirely clear
that it is a function of time also. The approximated concentration pro-
files in Fig. 6.30 were extraﬁolated to x = 0 and, therefore, specific
conclusions concerning CO should not be drawn without first obtaining con-
centration-penetration data in the region nearest the interface, Experi-

’

ments designed to provide this information are under  consideration.

Decontamination of Type 304 Stainless Steel from I131
and Tel3? Deposited from Heated Helium

A, B. Meservey

:Treatment with 0.4 to 0.5 M oxalic acid or oxalate salt solutions
containing 0.1 M fluoride and various amounts of hydrogen peroxide was
satisfactory for removihg 1131 and Te'32? deposited at 800°C and below from
helium onto type 304 stainless steel pipe. The pipe had been contaminated
from hedted, irradiated UC, and.U02. Resistance to decontamination was
highest in the high-temperature zone where some metal oxidation had oc-
curred because of slight inleakage of air. Decontamination was much
easier where the metal was unoxidized and the temperature had been lower.

In the oxidized zone contaminated at 800°C, whefe the comparatively

low level of gamma activity was more than half due to Tel3? and the

g
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remainder was 1131, the decontamination factor was only about 2, mostly
from I'3! removal, after periods of up to several hours in hot alkali or
hot noncorrosive oxalate-peroxide solutions. Oxide dissolution and de-
contamination to almost background level (DF = 5.1) were achieved in 1 hr
in 0.4 M HyCp0,~0.1 M NaF—0.015 M H,0, at 95°C.

In the deposition zone that was at 330°C, where the gamma activity
was higher than in the zone contaminated at 800°C by a factor of 10%, the

deposit was chiefly I'31, with some Tel3?,

There was also a pale brown
oxide coating. The gamma decontamination factor after boiling for 20 min
in 10% NaOH was 36, with the I}?1 being removed in preference to the Tel3?.
Both iodine and tellurium were soluble at 95°C in oxalate-peroxide solu-
tion at a pH of 4, the gamma decontamination factor being 39 in 20 min
and 180 in 7 hr. In 1 hr at 95°C in the acidic fluoride solution con-
taining 0.015 M H,0,, the decontamination factor was 1.7 X 103.

The region of pipe contaminated at 175°C, which had no discoloration
and was about one-tenth as contaminated as the region treated ét 330°C,
was the easiest to decontaminate. Here boiling 10% NaOH removed nearly
all the I'31 in 1 hr (gamma DF = 73), leaving the Tel32, Both contami-
nants were soluble at 95°C in oxalate-peroxide solution at a pH of 4, with
a gamma decontamination factor of 68 in 20 min and 318 in 7 hr.

A special study was made of the fluoriae and peroxide effects in the
section of pipe contaminated at 400°C, which showed a dark oxide and was

contaminated with I3 Tel3? and Tel?®, A series of 0.5 M HpC0,-0.1 M

Table 6.13. Effects of Fluoride and Peroxide Additions to
0.5 M H,C,0,4 on Corrosion and Decontamination Factors
of I*31- and Tel??-Contaminated Type 304 Stainless
Sleel in a l-hr Treatment at 95°C

Peroxide Decontamination Factor Corrosion (mil/hr)
Content - - = ~
(molar) With C.1 M F Without F With O.1 M F Without F

.0 7 11 0.01 0.005
0.015 50 49 0.02 <0.001
0.1 85 28 0.005 <0.001
1 118 22 0.003 <0.001
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NaF solutions containing O to 1 M HyO, was compared in corrosivity and
decontamination effectiveness'with the same series of Hy0, solutions con-
taining no fluoride (Table 6.13). On this type of deposit, fluoride and
peroxide were both of significant benefit, and the fluoride solution con-
.taining enough Hy0, to decrease corrosion was even more effective. than

the low-peroxide solution of high corrosivity.
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7. CLAD FUEL DEVELOPMENT
W

A. Goldman 0. Sisman
D. B. Trauger

Irradiation Effects on Swaged and Tamp-Packed UO,-ThO,

~Toner H. E. Robertson
. Morgan E. L. Long, Jr.

J'wo type 304 stainless steel capsules (03-5 and 06-5) containing vi-
bration-compacted Th0,—2.9 wt % UO, prepared by the "Sol-Gel D" process
were irradiatcd in the ORR p00151de faLllLLy The capsules and the ir-
radiation conditions are descrlbed in Table 7.1. The postirradiation ex-
aminations consisted of dimensional measurements, leak testing, gamma
scans, gas analyses, and burnup analyses. The metallographic examination
is still in progress. Dimensional measurements sﬁowed that the cladding
of capsule 03-5 became distorted during irradiation. The diameter de-

creased 0.00S in. at midplane and increased 0.005 in. at each end. 1In

Table 7.1. Description of Capsules 03-5 and 06 5 and Conditions
of Irradiation in ORR Poolside Facility

Capsule length: 7 in.

Capsule outside diameter: 0.625 in.

Cladding wall thickness: 0.020 in.

Flux: 6 X 1013 neutrons/cm?.sec

Expected burnup of heavy metal: 5000 de/MT
Irradiation period: 215.2 full-power days at 30 Mw

Capsule 03-5 Capsule 06-5
Cladding surfacertemperature,°F ' 1300 1000
Fucl central temperature,°F 3011 2726
Uranium burnup, de/MT |
Based on Cel4% ' 181, 200 95,930
Based on Cs!37 175,670 105,730

Thorium plus uranium burnup, de/MT

Based on Cel%%. : 5,320 - 2,810
Based on cgl37 5,150 3,095
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addition, the over-all length decreased 0.1 in. A similar length decrease
was noted in cépsule 06-5, but no significant diameter changes were ob-
served. Scans of gross gamma activity indicated no distinct fuel shift-
ing, but the activity level at the bottom end of capsule 06-5 was about
10% highér than at the top end. Samples were selected from the midplane
of each element for radiochemical burnup analyses. As indicated in Table
7.1, capsule 03-5 achieved the desired burnup but capsule 06-5 did not.
Thése analyses aré being checked.

The NaK coolant from each experimental assembly was analyiéd for
csl37 activity, and none.was detected. Subsequently, each capsule. was
examined for cladding leaks or other failures by immersion in silicone
0il under vacuum. No bubbles indicating leaks were observed.

Samples of éas were collected from each capsule prior to sectioning.
The results of the gas analyses are presented in Table 7.2. The high
N, + CO content in capsule 06-5 is thought to be the result of decomposi-
tion of uranium nitride. Only the Kr85 réleased from capsule 03-5 is re-’
ported because the pressure data taken during the sampling of capsule
06-5 were not accurate.

Loose, unsintered fuel was found in each capsule when sectioned. A

longitudinal section of capsule 03-5 is shown in Fig. 7.1. The fuel had

Table 7.2. Analyses of Gas From
Capsules 03-5 and 06-5

Content (vol %)

Gas Species
Capsule 03-5 Capsule 06-5

H, 1.04 0.58
He 29.33 37.79
CH, 0.71 0.27
. H,0 0.08 2.33
HC 0.18 0.04
N, + CO- 0.38 . 14.78
0y - 0.02
Kr - 8.89 5.55
Xe 59.37 38. 66
Kr85 0.3

aPercen.tage of total generated.



[

201

 UNCLASSIFIED
. R-11802

Fig. 7.1. Longitudinal Section of Capsule 03-5. Note sintered fuel
in central portion and unsintered loose fuel near the cladding. Mating
halves of the fuel element shown.

sintered in the central regions of both capsules, but less fuel densifi-
cation was evident in capsule 06-5 (Figs. 7.2 and 7.3). Since capsule
06-5 had a measured central temperature of 2726°F compared with 3011°F
for capsule 03-5, the fuel densification was expected to be greater in

capsule 03-5.

High-Temperature Irradiation of UO, in LITR Miniature Capsules

R. R. Sellers F. R. McQuilkin

Operating data for the miniature fueled capsules irradiated in the
LITR during this report period are given in Table 7.3. Two capsules,
L-CP6 and L-HT2, previously inserted, achieved the desired burnup and were
discharged. The irradiation of capsule L-HT3 was initiated and completed.
Irradiation of capsule L-CP5X was continued, and irradiation of capsule

I,-HT4 was initiated.
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Pig. 7.2
Capsule 06-5.

Longitudinal Section Through
Note powdered fuel near cladding.

06-5.

Fig. 7.3. Transverse Section of Capsule
Note sintered fuel surrounding central

thermocouple.
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Table 7.3. Irradiation Conditions of Miniature Capsulesgs in LITR

s First Day Fuel Central Burnup
Capsule Eoall. Beseripiion LIT?. Temperature (°F) Removal (at. % of
: . Insercion
Designation Date Date heavy
Tyre Batch No. Section a Section b metal)
L-CP5X Pyrolytic-carbon-  GA-1332-46E 6-19-62 1935 2115 In-pile 4.1
coeted (U + Th)02
L-CP6 Pyrolytic-carbon-  NCC-AD 3-27-62 1840 2020 9-18-62 T3
coated UC,
L-HT2 UO, cylinders ORNL-1043 9-25-62 (a) (a) 10-2-62
L-HT3 UO, cylinders ORNL-1043 1763 (a) (v) 1-3-63
L-HT4 U0, cylinders ORNL-1043 1-8-53 (a) (v) In-pile

SThermocouple calibration values for W-5% Re vs W—26% Re are uncer-
tain above 4200°F; however, by using corrected millivolt values and ex-
trapolating, temperatures in the range 4200 to 4500°F were indicated.

bCentral temperature was not monitored in section b.

c£0c
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The L-CP capsules contain loose particles of UC, (capsule L-CP6) or
(U + Th)02 (capsule L-CP5X) with pyrolytic carbon coatings. The design
of these capsules was described previously.l Postirradiation examinations
of these capsules will be discussed in the subsequent report under the
heading "Investigations of Fueled-Graphite Systems."

Capsules L-HT2, -HT3, and -HT4 complete the series of four high-
temperature UO, irradiations described previously.2 Capsule L-HT1 was
irradiated for five weeks; L-HT2, one week; L-HT3, 19 hr; and L-HT4 is
scheduled to be irradiated for three months; all irradiations are con-
ducted at a central temperature higher than 2000°C. In all but capsule
L-HT1, the thermocouples for the measurement of the fuel central tempera-
ture are tantalum-sheathed, BeO-insulated, tungsten—5% rhenium vs tungsten—
26% rhenium. The corrected millivolt output from these thermocouples
during the first few hours of irradiation exceeded the maximum given in
calibration tables, and therefore the reported initial temperatures were
determined by extrapolation. For example, the initial central thermo-
couple readings on capsule L-HT2 were 37.6 mv (including correction for
the emf generated at the thermocouple-to-lead wire splice), and calibra-
tion data are available only to 36 mv. An extrapolation of the calibra-
tion curve yielded an estimate of 4420°F. Shortly after the reactor
reached full power, the temperature indication drifted down sharply.
After 5 hr of operation, the a-specimen central thermocouple indicated
3895°F and the b-specimen central thermocouple indicated 3945°F; 19 hr
later these temperatures were 3810 and 3865°F, respectively. The nega-
tive drift continued with decreasing slope throughout the period of ir-
radiation. Immediately before reactor shutdown for removal of the cap-
sule, the central thermocouples indicated 3510°F for the a-specimen and
3550°F for the b-specimen. In the case of capsule L-HT2, the initial

a-specimen temperature was estimated to have been between 4200 and 4500°F.

1F. R. McQuilkin and W. E. Thomas, Miniature Capsule Fission-Gas-
Release Experiments in LITR, p. 161, "GCRP Quar. Prog. Rep. Sept. 30,
1961, " USAEC Report ORNL-3210, Oak Ridge National Laboratory.

2F. R. McQuilkin and R. R. Sellers, Miniature Capsule Irradiations
in LITR, p. 238, "GCRP Semiann. Prog. Rep. Sept. 30, 1962," USAEC Report
ORNL-3372, Oak Ridge National Laboratory.
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After 3 hr of irradiation, the temperature indication had drifted to
4030°F, where it remained steady for the remainder of the 19-hr test.
The central temperature indication for capsule L-HT4 has been much like
that for capsule L-HT3, except that the drift has continued downward.
On February 26, the indicated central temperature was 3280°F.

Ratchetting of Metal-Clad Fuel Elements During Thermal Cycling

W. R. Martin

It has been reported®,% that thermal cycling of metal-clad fuel ele-
ments can result in plastic deformation of the thin-walled cladding. ‘lhe
common cause of elongation of the elements during thermal cycling is con-
tact between cladding and fuel. This condition can be achieved in the
metal-clad fuel elements by collapse of the cladding about the fuel be-
cause of external pressure, radial expansion of the fuel in excess of the
diametral expansion of the cladding, or a combination of the two. The
results and interpretation of data from an evaluation program that em-
phasized fuel and cladding interactions and utilized the internal heater
device as a test apparatus in out-of-pile tests are the following:

1. Fuel and cladding interactions can result in cladding strains
that exceed the fracture strain of the material under irradiation and
therefore can be the limiting factor in the metallurgical lifetime of
metal-clad fuel elements.

2. Axial plastic strains resulting from cladding and fuel inter-
actions increase as the cladding thickness is reduced.

3. Experiments with 0.015- and 0.020-in.-thick tubing show that in-
creasing the pressure differential across the cladding wall increases the
axial deformation rate for a given cladding thickness and material. This

can be interpreted as meaning that the relative movement of cladding and

3W. R. Martin and J. R. Weir, "Dimensional Behavior of the Experi-
mental Gas-Cooled Reactor Fuel Element at Elevated Temperatures, ' USAEC
Report ORNL-3103, Oak Ridge National Laboratory, July 1961.

“M. F. Lyons, F. A. Comprelli, V. E. Hazel, and H. E. Townsend,
"pPlastic Strain in Thin Fuel Element Cladding Due to UOp Thermal Expan-
sion," USAEC Report GEAP-3739, General Electric Company, July 1961.
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fuel decreases as the coolant pressure is increased because of increased
frictional forces between cladding and fuel. This results in a larger
total strain in the cladding.

4. Axial loads caused by thermal expansion of the fuel exceeding
the thermal expansion of the cladding cannot exceed the frictional force
between cladding and fuel.

5. For a given load on the cladding, the plastic strain per cycle
can decrease as the elastic moduli, cross-sectional area, elastic limit
strain, and creep strength of the cladding are increased.

6. Increasing the thermal expansion of fuel with respect to the
cladding increases the magnitude ot the total strain that can be intro-
duced in the cladding.

7. The loads causing cladding deformation can be repetitive with
each cycle because of the difference in magnitude of the frictional forces
during the heating and cooling portions of the thermal cycle.

8. Decreasing the magnitude of the frictional forces between clad-
ding and fuel increases the relative movement and thereby reduces the
magnitude of the total strain introduced in the cladding. Experiments
utilizing graphite and calcium fluoride as fuel element lubricants were
successful in reducing the plastic strain rate of 0.005- and 0.010-in. -
thick tubing during thermal cycling. Although graphite is of no practi-
cal value because of the carburizing reaction with stainless steel, no
apparent reaction was found between calcium fluoride and stainless steel,
as shown in Fig. 7.4.

9. Circumferential ratchetting of thin-walled cans was observed for
0.005- and 0.010-in.-thick smooth-walled tubes, 0.710 in. ID. The re-
sult of the ratchetting was the formation of an axial wrinkle that in-
creased until the bending strains in tension were equal to the fracture
strain of the cladding.

These results define the factors related to the mechanism of axial
growth of fuel elements during thermal cycling and are in reasonable
agreement with experimental thermal-cycling data obtained from different
types of test apparatus.2~® The extension of the cladding by the fuel
when the frictional forces are sufficient to prevent relative movement re-

sults in plastic strain by two mechanisms. If the total strain introduced
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into the cladding is less than the elastic limit strain of the cladding
material, the cladding will plastically deform only at elevated tempera-
tures by the mechanism of stress relaxation. When the total strain ex-
ceeds the elastic limit strain of the cladding, that magnitude of strain
greater than the elastic strain is of course permanent and can be ob-
served regardless of cladding temperature. For the latter case at ele-
vated temperatures, plastic strain is obtained by both mechanisms, that
is, short-time tensile strains and stress relaxation.

It is recommended that, whenever possible, rates of temperature
change in reactors containing metal-clad fuel elements be reduced to a
low value to minimize the difference in expansion of fuel and cladding.
A feasible maximum heating rate for the EGCR, for example, would be
150°F/min.

Mechanical properties of the cladding materials could be increased
to reduce the magnitude of the plastic strains. The increased strength
alone would not prevent plastic strains in fuel element cladding at all
reactor conditions and hence the ductility of the cladding in the pres-
ence of radiation should be increased.

The problem of circumferential ratchetting could be the limiting fac-
tor in the use of thin-walled cladding. This problem should be investi-
gated relative to lubrication techniques and smooth walls versus ribbed
walls. The static coefficient of friction between fuel and cladding at
elevated temperatures as a function of contact pressure should be evalu-
ated. The problems of end-plenum gaps in fuel elements, thermal expansion
of U0y, and axial deformation of cladding during thermal cycling are re-
lated, with the common factor being frictional forces between cladding

and fuel. Perhaps the differences’s8 of opinion regarding the relative

SR. E. Hodson and R. D. Slacey, "Out-of-Pile Studies of the Ratchet-
ting of Stainless Steel Clad UO, Fuel Elements," United Kingdom Atomic
Energy Authority Report DEG-296s, January 1961.

6R. E. Hodson and R. D. Stacey, "Out-of-Pile Evaluation of Windscale
AGR Mk-2 Fuel Elements and Fuel Element Assemblies," United Kingdom Atomic
Energy Authority Report TRG-269, March 1962.

7C. N. Spalaris, "Uranium Dioxide Cladding Interactions: Axial Ex-
pansion of UO, Column in Fuel Elements,"” Trans. Am. Nucl. Soc., 5(1):
pp. 228229 (June 1962).
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movement between cladding and fuel can be resolved by carefully determin-
ing the static coefficient of friction between cladding and fuel for a
given fuel element condition, particularly since the in-pile thermal ex-

pansion of UO, pellets has been measured. ?

Experimental Tube-Burst Tests

J. T. Venard

_ The investigation of the stress-rupture properties of the British
20% Cr—25% Ni stainless steel tubing was continued. This material is
atabilized with approximately 0.6% Nb. The out-of-pile control tests
were completed, except for a few long-time tests that are'now in progress,

and the test results are presented in Fig. 7.5. The maximum strains at
fracture ranged from 4 to 16% at 650°C, 8 to 21% at 750°C, and 9 to 24%

at 850°C. The strain values obtained in flowing CO, with 5% CO are com-
parable with those obtained in argon with 1% O,. Virtually no end-closure
failures were experienced.

Two irradiation experiments on this same material were performed in
an ORR poolside facility and the results are compared in Fig. 7.6 with
the out-of-pile data. The data indicate a slight loss of strength at
650°C and little or no effect at 750°C; however, the average strains at
fracture wére lower by 30 to 50% in the in-pile tests than in the out-of-
pile tests. It is also important to note that several of the in-pile
specimens failed at or near the welds. This may have been a result of
poor welds, but in view of the strain data, it is possibly an indication
of some irradiation-induced embrittlement at the weld.

At least two more irradiation experiments will be performed to obtain
data for times greater than 1000 hr and at 850°C. Metallographic exami-
nations of both control and in-pile samples are in progress and will per-

haps provide information on the weld failures.

8M. J. F. Notley, "The Relative Axial Expansions Under Irradiation
of Stacks of UO, Pellets in Zircaloy Sheaths,” Canadian Report CRFD-1092,
August 1962.

°W. E. Baily, "Relative Thermal Expansion of UO, Fuel Inpile," Re-
port CVNA-152, Carolina Virginia Nuclear Power Associates, Inc., June 1962.
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Tensile Properties of Stainless Steel After Irradiation

W. R. Martin

ANumerous stainless steel specimens are being irradiated at tempera-
tures in the range 150 to 815°C at fast-neutron (>1 Mev) doses of the
order of 5 x 1013 neutrons/cmZ-sec. After irradiation to total doses of
1012 to 10°% neutrons/cm2J the specimens will be tensile tested under
various conditions. The results will be compared with those for control.
specimens heat treated to obtain thermal hiétories equivalent to those of

the irradiated specimens.

Brazing of Beryllium

R. G. Gilliland

The wetting behavior of liquid silver, gold, germanium, aluminum,
copper, and the alloys Pd—2.1 wt % Be, Zr—5 wt % Be, and Ti—6 wt % Be on
the surface of solid beryllium was studied. In general, the wetting of

these metals was investigated at 50 and 100°C above their melting points
| in argon and in vacuum with the use of sessile-drop techniques.

Measurements of the contact angles indicated that the wetting of
"beryllium by liquid aluminum, germanium, silver, Pd—2.1 wt % Be alloy,
and Ti—6 wt % Be alloy was greater in an argon atmosphere rather than in
vacuum. The wetting of beryllium by liguid gold, copper, and Zr—5 wt % Be
alloy was either unaffected by the test atmosphere or better in vacuum
than in an argon atmosphere. The wetting of beryllium by the liquid metals
tested was in agreement with basic wettability theory in that wetting was
promoted by increasing the temperature.

An extensive metallographic examinatiqn of the samples revealed that
only aluminum, Zr-5 wt % Be alloy, and Ti—6 -wt % Be alloy produced little
or no alloying with the beryllium. Alloying of beryllium with the other
liquid metals included in the investigation was so extreme that in some
cases liquid-phase penetration of greater than 50% of the thickness of
the Beryllium pad was found.

Surface tension properties of the materials found to produce little

or no beryllium reaction were calculated. The data revealed that the
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liquid-vapor and solid-ligquid surface tensions were greater for the non-
wetting aluminum than for the wetting liquid alloys Ti—6 wt % Be and
7Zr—5 wt % Be. The alloy Ti—6 wt % Be was found to have the lowest calcu-
lated liquid-vapor and solid-liquid surface tensions, and Zr-5 wt % Be
alloy and aluminum were next in order.

| Calculations were also made of the work of adhesion and of the co-
efficient of spreading for aluminum, Zr—5 wt % Be alloy, and Ti—6 wt % Be
alloy. The data qualitatively indicated that these parameters were great-

est for the highly wetting Ti—6 wt % Be alloy.

Diffusion of Carbon in Dissimilar-Metal Welds

G. M. Slaughter

The diffusion of carbon in ferritic stéel-to—austenitic stainless
steel Jjoints at elevated ﬁemperatures is being studied at Virginia
Polytechnic Institute. A preliminary microstructural analysis of the
bond zone was described previously,lO with ma jor emphasis on the decar-
burized area of the ferritic material. It now appears that in a joint
consisting of a ferritic material and an austenitic material, the car-
burized zone of the austenitic material may be a better indication of .
carbon migration. This is particularly true in ferritic steels contain-
ing strong carbide-forming elements where no definite decarburized zone
has been found. The diffusion couples were made from type 304 stainless
steel and ferritic steel containing 2 1/4 wt % Cr, 1 wt % Mo, and 1/2 wt
% Ti. , ) |

Experiments have indicated that the addition of a carbide-forming
element to the ferritic material has little or no effec£ on the over-all
diffusion of carbon from ferrite to austenite. The diffusion coeffi-
cient remains constant, as indicated in Table 7.4, and a plot of the
square of the width of the carburized zone vs time gives a straight line,
Fig. 7.7.

106, M. Slaughter, Diffusion of Carbon in Dissimilar-Metal Welds;

pp. 4648, "GCRP Quar. Prog. Rep. Dec. 31, 1961, " USAEC Report ORNL-3254,
Oak Ridge National Laboratory. '
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Table 7.4. Extent of Carbon Migration
from 2 1/4 wt % Cr—1 wt % Mo—1/2 wt %
Ti Perritic Steel to AISI Type 304
Stainless Steel at 1300°F

Contact Width of the Diffusion
Time Carburized Zone Coefficient
(hr) (mm) (cmz/sec)

x 10-11
500 0.015 1.531
1,000 ¢.150 1.563

15,000 0.185 1.584

2,000 0.210 1.531

SQUARE OF WIDTH OF CARBURIZED ZONE (mm?)

0.045

0.040

0.035

0.030

0.025

0.020

0.045

0.010

Fig. 7.7.
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Thermal Conductivity of UO,

T. G. Godfrey D. L. McElroy

The fourth heating cycle on 93.4%-dense UO, in the radial heat flow
apparatus was terminated by a failure of the specimen core heater at
1400°C.11  In order to avoid further difficulties the cooling capacity of
the containment shell was increased, and the cylindrical muffle length
was doubled. The muffle now consists of three bifilar-wound heaters (5,
10, and 5 in., respectively), each independently controlled. Kovar seals
were added to allow independent power control, and new, simple, thermo-
couple seals were installed to facilitate future use of other types of
thermocouples.

The diaﬁeter of the two end guard heaters was decreased to allow
them to be positioned within the lengthened muffle at the junctions of
the new extensions, and seven new thermocouples were added, two for the
end guard heaters and five for the lengthened muffle and monitoring. The
core heater was doubled in length, wound on a very true 99+% Al,0; grooved
tube, and extended well outside the specimen stack. The specimen system
remains essentially unchanged; however, the new end guard heater place-
ment will permit testing of a smaller diameter, shorter specimen stack,
which should aid in future specimen fabrication. All these changes were
made to provide for easier and faster assembly, a greater degree of con-
trol, extension of the operating regime, and better realization of the
boundary conditions assumed to exist in the radial heat flow experiment.

An evaluation of the data generated in runs 1 through 4 has indi-
cated the existence of a heat-transfer mechanism operating above 1200°K
that is more powerful than internal radiation transmission. The same
mechanism is indicated by the data of Howard and Gulvinl? for their UO,

specimen No. 2. The evidence for this mechanism is obtained by a plot of

1lp, @. Godfrey and D. L. McElroy, Thermal Conductivity of UOa,
p. 294, "GCRP Semiann. Prog. Rep. Sept. 30, 1962, " USAEC Report ORNL-3372,
Oak Ridge National Laboratory.

12y, C. Howard and T. F. Gulvin, "Thermal Conductivity Determinations
on Uranium Dioxide by Radical Flow Method, " UKAEA IG-Report 51 (RD/C),
1961.
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the thermal resistance (l/k) vs temperature. This plot is linear for runs
1 through 4 to about *1% from 500 to 1200°K; however, above 1200°K a real
negative deviation, or turndown, of the plot occurs. The linear portion

of the curve is the expected behavior of an electrically insulating or
semiconducting solid for which the heat transport is predominantly by
phonons. The turndown means that some other heat-transport mechanism is
becoming operative. A line was placed through the few points obtained
abévc 1200°K during run 4 and the difference in the thermal conductivity,
Ak, was calculated between values of k obtained from this curve and values
of k obtained from the extrapolation of the straight portion of the data.
This Ak evidently represents the effects of the summation of the extra
heat-transport mechanism. A plot of the log of Ak vs l/T yielded a straight
line with a slope of —6.1 X lO3°K, indicating an apparent activation energy
of 1.2 ev. The Howard and Gulvinl? data treated similarly also yielded a
straight line with a slope of —4.9 X 10°°K, indicating an activation energy
of about 1.0 ev. If internal radiation were the'exclusive cause of the

Ak, simple theory would predict that Ak would be proportional to 3. If
this were the case, a plot of log Ak vs l/T would yield a curve with a
slope at any temperature equal to —1.3 T, which is equivalent to an acti-
vation energy of approximately 0.35 ev in the temperature range of the
turndown of the plot. Therefore, a mechanism more powerful than predicted
by simple radiation transmission may be operative, since the observed ac-
tivation energies are so large. Similar behavior was observed by Taylor13
for beryllium oxide at much higher temperatures.

The U0y, k, kex’ and Ak values used in this analysis. are listed in
Table 7.5. The values were obtained from 1/k curves drawn through the
fourth-run data and similar curves drawn through the data of Howard and
Gulvin'? for their specimen No. 2. The kex values were obtained from the
extrapolation of the linear portion of the l/k plots.

It should be pointed out that the numbers were taken from curves

through the actual data points. There were not sufficient data on U0, in

the turndown region to give anything but a hint of high-temperature heat-

13R. F. Taylor, "Thermal Conductivity and Expansion of Beryllia at
High Temperatures,” J. Am. Ceram. Soc., 45: 74 (1962).
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Table 7.5. Thermal Conductivity Calculations Based on Data for U0,

Data from Fourth Run Data from Howard and Gulvin
T 1/T : (w/cm. °K) (w/em- °K)
(°x)  (°k71) :
k kex Lk k Kex Lk
x 10-3
1173 0.853 0.0310 0.0310 0.0 0.0312 0.0310 0.0002
1273 0.786 0.0291 0.0289 0.0002 0.0296 0.0291 0.0005 -

1373 0.728 0.0275 0.0270 0.0005  0.0284 0.0274 0.0010
1473 0.679 0.0263 0.0253 0.0010 0.0277 0.0259 0.0018
1573 0.636 0.0256 0.0239 0.0017 0.0272 0.0245  0.0027

Table 7.6. Thermal Conductivity
Values Obtained for 93.4% Dense
U0, in Run No. 5 -

Thermal Conductivity

(w/em-°C).
Temperature
(°c) Corrected to
Measured Theoretical
Density

109 0.06497 0.06956 - B
110 0.06508 0.06965

201 0.05813 0.06222 .
200 0.05763 0.06172 :

296.5 0.05147 0.05512 =
298.5 0.05120 0.05481

400 0.04600 0.04925

400 0.04568 0.04891 .

501 0.04090 0.04380 -
501 0.04110 0.04400

601.5 0.03726 0.03990

601.5 0.03750 0.04015

700 0.03441 0.03685

700 0.03443 0.03686

798 0.03195 0.03420

798 0.03120 0.03416

900 0.02977 0.03187

998 0.02775 0.02971
1050 0.02697 0.02888 -
1099 0.02628 - 0.02814
1099 0.02624 0.02810
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transport mechanisms. Run 5 is presently in progress with the goal of
accruing data above 1200°K, as well as sufficient data below 1200°K, to
adequately determine the slope of the linear portion of the l/k curve,

Results obtained to 1100°C, presented in Table 7.6, reflect the pre-
viously noted linear relation between thermal resistance and temperature.
A slight modification of the operating conditions was made between the '
tests at 800°C and those at 900°C, and this caused the thermal-resistance
values between 900 and 1100°C to be about 1% below the values predicted
by the ‘results below 900°C. It is believed that the changed operating
procedure caused a new heat flow pattern within the specimen, with the
resulting change of 1% in the measured thermal conductivity values between
900 and 1100°C. This effect is being studied, and efforts to extend run
5 to 1500°C are in progress.

PR
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8. INVESTIGATIONS OF MODERATOR MATERIALS

RN

A. Goldman B. L. Greenstreet
G. M. Watson H. W. Savage

Mechanical Properties of Graphite

C. R. Kennedy

Tests for evaluating graphite as a structural material were contin-
ued.! The prograﬁ consists of a large number of mechanical and physical
property tests of various grades and extrusion sizes of graphite to ob-
tain daté for statistical comparisons. ‘Tensile and compressive tests have
been conducted on a 6 X 6-in. extrusion 6f TSX graphite, a 4 3/8 X 4 3/8-
in. extrusion of AGOT graphite, a 2 1/4 X 2 1/4-in. extrusion of GCB-MSR
graphite, and an AGOT graphite block representative of the EGCR moderator
blocks. Data from these tests are presented in Tables &.1 and 8.2. Com-
parison of the results for the EGCR material with those for the smaller
- size AGOT extrusion indicates greater scatter in thé results for the EGCR
material. The spread indicates that the data taken previously® from only
one section of an 18 X 18-in. EGCR block did not represent the strength
of a typical section of a moderator column. In fact, it appears that there
is no typical section, inasmuch as the strength varies greatly in the axial
direction, as well as across the sections.

The data for the 4 3/8 X 4 3/8-in. AGOT material did not exhibit the
scatter shown for the larger blocks. The data scatter was small both for
axial and cross-section samples, and the fracture stress and strain aver-
age values were much higher than those for the larger EGCR blocks.

The TSX material was very anisotropic. The éverage axial strength
was higher than that of AGOT; however, the average transverse strength
was much lower. The internal defects in this block were found to be
aligned in a direction normal to the weakest transverse direction. It

is interesting to compare the compression'test results with the tensile

1C. R. Kennedy, Mechanical Properties of Graphite, pp. 287-290, "GCRP
Semiann. Prog. Rep. Sept. 30, 1962," USAEC Report ORNL-3372, Oak Ridge
National Laboratory.
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Table §.1. Tensile Tests

cf Moderator Graphite

Average  Coefficient of Average Average
Sample Direczion of  Number of Fracture Variation of Fracture  Modulus of
P Samplinga Specimens  Stress FTactu?g Stress Strain Elasticity
' (psi) (%) (%) (psi)
5 X 108
AGOT graphite blocks from
EGCR material : ]
Bar 266 Parallel 35 1610 24.7 . C.16 ,1.29
Bar 246 Perallel 35 1481 19.5 0.18 Y1.08
Bar 272 Parallel 35 1696 16.4 0.18 1.08
AGOT graphite extrusion Paralilel 24 2179 11.2 0.24 1.54
(4 3/8 X 4 3/8 in.) Perpendicular 12 1750 0.32 0.68
No. 1
Perpendicular 12 1427 0.27 0.69
No. 2P
TSX graphite extrusion Parallel 25 2940 0.17 2.35
(6 X 6 in.) Perpendicular 5 1337 0.28 1.03
No. 1
Ferpendicular 4 370 0.07 0.70
. . No. 2
GCB-MSR graphite extrusion Parallel 10¢ 4910-6210 0.2-0.26  2.75-3.35
(2 1/4 x 2 1/4 in.) Parellel gd 15104270 0.04~0.20

aWith respect to extrusion axis.

bPerpendicular,No. 1l and Perpendicular No. 2 taken at right angles.

CApparently not affected by axial cracks.
dApparently affected by axial cracks.

6Te
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Table 8.2. Compression Tests on Moderator Graphite

Average .

: - Average Average
Samole ‘ Direction of Number of Fracture Fracture Modulus of
P 'Samplgnga Specimens Stress Strain Elasticity
‘ (psi) (%) (psi)
' X 108
TSX graphite extrusion Perpendicular No. 1 4 4760 3.24 0.34
(6 X 6 in.) Perpendicular No. 2 3 5297 5.33 0.18
AGOT graphite extrusion Parallel 6095 2.24 0.58

(4 3/8 X 4 3/8 in.)

aWith respect to extrusion axis.

=

oce

3]

[ %
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test results in that the maximum strength directions are reversed. These
results add considerable significance to a maximum principal strain cri-
terion for fracture. The maximum tensile strain direction in compression
is rotated 90 deg to that in tension; thus, in compression, parallel
cracks have a significant effect in reducing strength and fracture strain.
The MSR-GCB graphite specimens were ftaken from a bar which had severe
axial cracks. Eight of 18 specimens had a pronounced stair-step fracture
surface with axial crack lengths greater than 1/4 in. The fracture ap-
peared to be a two-stage process where the axial crack caused one side of
the specimen to fracture and tramnsfer the load to the opposite side. The
nonaxial loading was sustained in some cases by the remaining side. When
a further load was applied, however, complete fracture occurred. The frac-
ture in these cases was always detected by two audible snapping sounds.
This two-stage process implies a certain resistance to crack propagation
in graphite. The ten specimens that did not appear to be affected by axial
cracks, that is, did not exhibit the stair-step fracture surface, yielded
high strength values, although the fracture strains were similar to those

of other grades of graphite.

‘In-Pile Creep of Graphite

C. R. Kennedy

The effect of irradiation-induced creep on the ability of graphite
moderator blocks to sustain the strains expected in a gas-cooled reactor
of the EGCR type is being investigated in in-pile creep experiments. The
experiments consist of loading contilever parabolic beams of AGOT graph-
itc by bellows, as shown in Fig., 8.1. The parabolic beam specimen, cut
paraliel to the extrusion axis, has a 6-in. free length and is 1/2 in.
square at the Base. Thce experimental facility can take nine specimens
per experiment. Seven linear-film graphite resistors and two variable-
permeance transducers are provided to indicate deflection of the graphite
beam.

In the first experiment, the two variable-permeance transducers lost

all sensitivity within the first 50 hr, and readings could not be accepted
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Studying the In-Pile Creep of Graphite.

The seven resistance transducers responded satisfactorily,

as valid.
The sliding contact on the linear

with the loss of only one after 150 hr.

film resistor gives a deflection sensitivity of 10-% in., which yields

a sensitivity in strain measurement of 1 X 1076 in./in. The specimens

are heated only by gamma activity, and their resulting temperature is

450 * 50°F. Each specimen has a temperature gradient of about 75°F, with

the higher temperature at the tip of the beam.
The experimental facility occupies a poolside pdsition in the ORR

@here the flux (>0.2 Mev) is estimated to be 1 X 107 neutrons/cm2-hr.

This is roughly equivalent to 1 de/At per hour. Flux monitors are now

being processed to determine the actual flux'spectrum.
The results obtained during an initial ORR-cycle exposure are shown

in Fig. 8.2. The characteristic curves are similar to those obtained in
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Fig. 8.2. Creep of AGOT Graphite Under Irradiation, ORR Experiment
104.

out-of-pile tests, as shown in Fig. 8.3, except for the greater creep
rates. The out—of—pile creep rates demonstrate Newtonian viscosity, as
shown in Fig. 8.4. As may be scen from Fig. 8.2, the in-pile creep rates
decelerate with time, but it is questionable whether a linear rate was
established by the end of the cycle. Tangential creep rates, shown in
Fig. 8.5, demonstrate a linear stress function similar to that found out
of pile. A linear stress function is also shown in Fig. 8.6, where the
zero-intercept, a measure of the primary creep, is plotted versus stress

for both in-pile and out-of-pile test data. The linear stress function
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Fig. 8.3. Creep of Unirradiated AGOT Graphite in Bending Under a
1/3 Point Loading.
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indicétes that the stress distribution in the beam under bending loads

will not vary with time or strain.
The data obtained thus far indicate that the creep of graphite under

irradiation and in the absence of irradiation is a linear function of

stress.

The prime objective of demonstrating the ability of graphite to
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sustain large strains under irradiation cannot, however, be attained with .

the original test paramcters unless the experiment is permitted to run

for ten years. Therefore, as soon as it is established that a linear rate

will or will not be attained, the stress levels will be increased until

- significant strain is absorbed in the specimens.

- Graphite-Metal Compatibility Studies

B. Fleischer

The compatibility of type 304 stainless steel and AGOT graphite in

intimate contact is being investigated in vacuum in the temperature range

1000 to 1300°F. As reported previously,® extensive bonding and carburiza-

tion of stainless steel disks against graphite was observed at 1200 and

1300°F. More recent tests showed that carburization can occur at tempera-

tures as low as 1000°F; however, there is no bonding, and the degree of

2B. Fleischer, Graphite-Metal Compatibility Studies, pp. 53-56, "GCRP
Quar. Prog. Rep. March 31, 1962," USAEC Report ORNL-3302, Oak Rldge
National Laboratory.
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carburization is relatively minor after 1000 hr. Data presented in Table
8.3 show the interdependence of contact pressure and the extent of car-
burization at 1100°F.

Table 8.3. Effect of Contact Pressure on the Carburization of
Type 304 Stainless Steel in Contact with Graphlte
at 1100°F for 1000 hr in Vacuum

Apparent Carbon Content® (%)
Contact
Pressure Test Test Test Test Test Test
(psi) F H-1 H-2 H-3 H-4 H-5
300 0.026 0.044 0.037 0.022 0.039
A00 0.064 0.085 0.068 0.029 0.042
1200 0.083 0.108 0.103 - 0.108 0.025 0.120
2400 0.182
5100 0.327

aAs-received material contained 0.025% C; all data are
total carbon in specimen; since there were carbon gradients
within each specimen, the data are essentially qualitative.

It is assumed that increasing the contact pressure serves to bring

'~ more graphite and metal into intimate contact at the interface and thus
increases the effective concentration of the reactants, and an effort was
made recently to verify this assumption. A test was conducted to deter-
mine whether the contact pressure caused permanent deformation of the
graphite at the interface and whether the degree of permanent deformation
was directly related to the contact pressure. Also, it was thought that,
the greater the deformation, the greater would be the effective contact
area. Thus, the initial load applied across the interface should deter-
mine the effective area and the extent of carburization. It should then
be possible to employ a high load for a short period followed by a lower
load for the duration of the test, and the resultant degree of carburiza-
~ tion should be the same as that found when using the high load for the en-
tire test-périod. The test was performed at 1100°F. 'An initial contact
load of 720 1b was applied across the interface at temperature for 1 hr
and subsequently reduced to 180 1b for the remainder of the test period
(lOOO hr). The test results, reported in Table 8.4, do not confirm the
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Table 8.4. Effect of Initial Contact Pressure on
Carburization of Type 304 Stainless Steel
in Contact with Graphite at 1100°F
' for 1000 hr in Vacuum

Initial Contact . Subsequent - " Carbon
Pressure- Contact Pressure Contentd
(psi) : - (psi) (%)
4800 1200 - 0.073
2400 600 - 0.059

1200 300 0.040.

a. == ' I 3 3 .
Average value ot total carbon in five speci-
mens.

assumptions when compared with the data of Table 8.3. An analysis is be-
ing made to determine whether the test conditions and results are suffi-

cient to rule out the proposed analysis.

Graphite Reactions in Helium Containing CO,

L. G. Overholser J. P. Blakely

Rates were reported previously3 for the reaction of CO, with Speer
Moderator-2 graphite in the temperature range 875 to 1025°C at CO, con-
centrations of 550 and 1100 ppm by volume 1n helium. An activation

~energy of approximately 55 kcal/mole and an apparent order of the reac-

tion of less than one with respect to partial pressure of COp, were indi-
cated.

A Reaction rates at 975°C and additional CO, concentrations were sub-
sequently determined in the range 100 to 1800 ppm by volume using the

same graphite specimen. Prior to attempting to measure the reaction rates

at CO, concentrations below 500 ppm, a concerted effort was made to im-

-prove the stability of the output of the Burrell K-7 gas chromatograph

. and reduce the weight losses arising from inleakage and contamination of

L. G. Overholser, J. P. Blakely, and N. V.- Smith, Gas-Graphite
Reactions, pp. 279281, "GCRP Semiann. Prog. Rep. Sept. 30, 1962," USAEC
Report ORNL-3372, Oak Ridge National Leboratory.
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the helium. - Replacement of the filament in the detector had no apparent
effect on either the sensitivity or §tability of the gas chromatograph. &
A temperature regulator was installed in the takeoff block heating cir-
cuit, and a sensitive flow regulator was installed to control the flow
of gas more closely throuéﬁ the columns. A stabiliied potential was ap-
“plied to the grid to establish whether the potential supplied by the bat-
tery pack was responsible for the unstable output. Some improvemenﬁ in
the .operating characteristics of the instrument resulted from these
changes, but the instrument is still not completely satisfactory. Rather
large changes in the gensitivity freguently occur from dey to day or even
during a single day and require too frequent calibration of. the instru- v
ment against the gas standards. It appears that the instability is in-~
herent in the design of the detector and will continue to exist until an-
other type of detector becomes available. The blank arising from con-
taminants in the helium stream was reduced to a permissible value by
reconstructing the gas-handling system. |
Following these modifications, reaction rates were measured at 975°C
using CO, concentrations of 100, 300, 550, 1100, and 1800 ppm in helium
at a total pressure of one atmosphere and a flow rate of approximately
125 cm3/min. The data are not sufficiently precise to establish the ap-
parent order of the reaction with respect to partial pressure of CO,.
The apparent order shown by the results is less than unity, and there is
‘evidence that it changes with concentration of CO, in the range studied.
Surprisingly large values for the reaction rate were measured at 100 ppm
CO2. The data are being withheld until additional measurements are made
at COz concentrations below 550 ppm. Similar measurements will be made
in the near future using uncoated fuel bodies in place of moderator-grade

graphite.

Transport of Gases Through Graphite

A. P. Malinauskas

Contaminant migration in the gaseous phase in gas-cooled reactors B
is possible because of the simultaneous existence of gradients in the

temperature, pressure, and concentration of the gas across the graphite
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septum. The specification of conditions conducive to suppression of this
undesirable transport thus requires that the transfer mechanisms associ-
ated with these driving forces be reasonably well understood.

For transport caused solely by the presence of a concentration gra-
dient, a model that describes the graphite barrier as a localized agglome-
ration of uniformly distributed, giant gus molecules (dust) has already
been shown to be amenable to experiment.4;5 Although a theoretical ex-
tension of this model to include pressure gradients has been reported6
and compared with experimental results,7 as previously remarked,8 only
an emplrical relation is possible because of the failure ot the model to
accommodate other than a diffusive mechanism. No important advances have
been made with respect to a removal of this defect, although it appears
feasible to consider an additivity relation between the viscous and dif-
fusive effects. The main difficulty arises from the complex manner in
which the viscosity is dependent upon composition. A similar complexity
caused by a composition dependence has limited a more recent extension of
the model to include thermal gradients to the case involving only a pure
gas (thermal transpiration).? In this instance, the additivity relation,
whose application is reasonably straightforward, was assumed and appearsl

to be valid. A significant result of this work has been the development

4R. B. Evans III, G. M. Watson, and E. A. Mason, "Gaseous Diffusion
in Porous Media at Uniform Pressure," J. Chem. Phys., 35: 2076 (1961).

°R. B. Evans IITI, G. M. Watson, and J. Truitt, "Interdiffusion of
Gases in a Low Permeability Graphite at Uniform Pressure,' J. Appl. Phys.,
33: 2682 (1962).

SR. B. Evans III, G. M. Watson, and E. A. Mason, "Gaseous Diffusion
in Porous Media. II. Effect of Pressure Gradients,' J. Chem. Phys., 36:
1894 (1942).

7R. B. Evans III, G. M. Watson, and J. Truitt, "Interdiffusion of
Gases in a Low-Permeability Graphite. II. Influence of Pressure Gradi-
ents," J. Appl. Phys. ( to be published, 1963).

8R. B. Evans ITI, A. P. Malinauskas, and J. Truitt, Gaseous Transport
in Graphite, pp. 281287, "GCRP Semiann. Prog. Rep. Sept. 30, 1962," USAEC
Report ORNL-3372, 0Oak Ridge National Laboratory.

°E. A. Mason, R. B. Evans III, and G. M. Watson, "Gaseous Diffusion
in Porous Media. III. Thermal Transpiration,' J. Chem. Phys. (to be
published, 1963).
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of a relation between the thefmal transpiration maximum and the contribu-
tion to the héat conductivity of the gas because of translational degreés
of freedom. Exploratory experimental inveétigations intended primarily
to determine the optimum conditions under which the phenomenon might be
studied have been compléted. A refined thermal transpiration apparatus,
based upon the knowledge gained from an operation of the prototype, is
presently under construction.’

Another facet involving gas transport through graphite that has been

investigated concerns stratified media.l®

In this regard it has been
demonstrated that the presence of strata of differing permeability along

the length of the flow path does not invalidate the flow relations ob-

tained for the over-all medium when the medium is considered to be uniform

in the same sense that each of the strata are considered uniform. Thus,
for example, the permeability, K, of the medium was found to obey the
linear relationship '

B, _ 4 _
K=—p+—vK_ , : (1)
o]
n 3 '

where 5 is the arithmetic mean:of the pressures on the entrance and exit -

sides of the barrier, n is the.viscosity of the gas, v istthe.average
thermal velocity of the gas molecules, andBb,'and...K,O are: constants:.char-.
acteristic of the septum. Furthermore, the validity of the approximate

formulas .

(2)

los] o

-
B Z o.B_ .
o 1 TiTo,i

and
1 o 1. .
"L ax T ()
o] i io,1

were established under conditions where the over-all pressure difference

was small and where

10p, P. Malinauskas, R. B. Evans III, and J. Truitt, "Gas Transport
Through Stratitied Porous Media," unpublished internal communication.
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a, = (a/L);/(a/1) (4)

represented the fractional area-to-length ratio of the ith stratum.
Similarly, no deviations as a result of septum inhomogeneity were
observed when the equation

Ji — I8y x5 (L) JL

= exp ) (5)
Jl - JESl Xl(O) HD{Z

which is strictly applicable only to isotropic media, was employed to
describe the uniform pressure binary-gas diffusion results obtained with
a stratified barrier. In addition, an argument utilizing only the re-

quirement that matter be conserved yields the relation

1 1
S Y e SO

2

if each of the i septa are sufficiently similar for the Si'to be con-
sidered identical.

The symbols introduced in Eq. (5) have the following significance:

J = J1 = Js = net flux of molecules through the septum,

nDl’2 = the pressure-independent product of the molecular density and

the effective binary mutual diffusion coefficient,

%, (z) = mole fraction of component 1 at the point z along the length
of the septunm,

L = length of the septum in the direction of transport,

1 D/
12
— =1+ —— , is a measure of the relative contribution to
ﬁl . ZI'_ -
§ Vi K"O

flow due to intermolecular interactions.

Geometry Studies of Irradiation-Induced Changes in Graphite

F. J. Witt

One of the important objectives in designing graphite structures for

use in nuclear reactors is to provide elements for which the stresses and
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distortion associated with:irradiation-induced dimensional changes are
minimized without sacrificing the ability to meet other requirements. This
objective can be_realized only through a careful analysis of all poten-
tiaily acceptable geemetries for a given core. A generalized study ap-
plicable to allhreaetors cennot be made because of differences in fast-
neutfon damage distributions; however, the results for specific cases
provide a guide for evaluating the geometry effects for other apflicatiens.
Therefore studies based on a plane-strain, anisotropic, elastic model

are being made, with the damage distributions taken as being independent
of the axial coordinate. The stresses are'being calculated using an IBM
7090 computer program, the nonhomogeneous biharmonic code (NBC),1i which
was developed for analyzing the EGCR graphite. _

The basic geometries considered for graphite elements in gas—cooled
reactors are cylinders with circular, hexagonal, Or square cross sections.
The bodies may have single or multiple channels through them, and the
cross sections may be subdivided in various ways.

Cylindrical bodies subdivided into sector units are often -considered
for use in moderator structures when the cross-sectional dimensions of
the cylinders required are large, as in pebble-bed reactors. The adop-
ﬁion of sectors allows for a reduction in extrusion .or molding size over
that required for a complete cylinder,. and a reduction in maximum:stress -
ie also realized. Hence, studies were made on cylinders with a central
channel and sectors of these cylipders.

. The fast-neutron exposure distribution used was given by
¢ = 1.12 X 10% e70-26d

where d is distance in in. from the inner surface of the cylinder and ¢

is exposure in de/At per year. The physical properties assumed for the

graphite are

1.5 x 10°% psi,

1]

Z
E, = 1.11 X 106 psi,
7, = ~3:4 X 10-7 (in./in.)/(Mwd/At),

1lp, J. Witt, S. E. Moore, and B. C. Sparks, Thermal Analysis of
Structures Using the Biharmonic Program, pp. 27-31, "'GCRP Quar. Prog. Rep.
Sept. 30, 1961, " USAEC Report ORNL-3210, Oak Ridge National Laboratory.

»n
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—1.3 X 1077 (in./in.)/(Mwd/At)
0.35,

1

"%

v
ZX

]
2

1l

where BE is the modulus of elasticity, 7 is the dimensional change coef-
ficient, VZX is the ratio of unit strains, ex/ez, vhen stressed in the

z direction, and subscripts x and z denote directions transverse and par-
allel to the exblrusion axis, respectively. Two cylinders with an inside
diameter of 30 in. were considered. In the first case the outside diame-
ter was 54 in., and in the second, it was 90 in.

The procedures used in deriving the axial stresses must be under-
stood to interpret the results. For example, in analyzing thick-walled
cylinders under axisymmetrical loadings, all tractions give, for plane-
strain assumptions, self-equilibrating forces, except in the axial direc-
tion. Hence, the axial strain, €, must be chosen to satisfy the axial
force conditions imposed on the body. In the general case, the axial
strain must be specified so thal all axial constraint conditions, includ-
ing moments and force, are satisfied.'? At the same time, however, the
plane-strain equations used in deriving the in-plane stresses must not

be altered. The most general expression for axial strain, €, is then

€, = Tix + Fpy + F3 A (1)

where F,, F,, and F; are constants to be determined, and x and y are in-

plane courdlumles. The axial sStress, o, is thus given by

o, = EZ(le + Foy + F3 —-7Z¢) + VZX(UX + Uy) . (2)

The axial constraint conditions studied are: (1) full axial con-
straint, in which case the axial strain is zero; (2) constraint against
bowing or warping, in which case the axial force is zero but the parallel
plane cross sections remain plane and parallel after loading; and (3) no
axial constraint, in which case the force and moments associated with
the axial stress are zero. There is not sufficient freedom allowed by
Eq. (1) to satisfy exactly and everywhere the equilibrium conditions for

the body, but it is possible to enforce the conditions that the resultant

12p, A. Boley and J. H. Weiner, Theory of Thermal Stresses, pp.
307-311, John Wiley and Sons, Inc., New York, 1960.
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forces and moments satisfy specified values. With the aid of St. Venant's
principle, this gives a good estimate of the stresses except near the ends
of the body. _

For condition.2, the following integral must be satisfied:

f o arn=0, | (3)
A S .

where A is the cross-sectional area. The constants Fy and F, in Eq. (1)

are zero. Condition 3 is satisfied by taking

. fUZd.A=fUZXdA=fGZyd_A=O. (4)
A A A ‘

For a case where the stress distribution in a body possesses symmetry,
as in the example cited above, conditions 2 and 3'are identical. This
is also true, in general, if the stress distribution possesses symmetry
about axes in the plane.

The ‘cylinders and sectors were analyzed for all three constraint
conditions and the résults are given in Table &.5. From this table it
is seen that the in-plane stresses of the sectors are much lower than |
those of the complete cylinder and that they decrease with decreasing
sector angle. Also, the constraint condition on-the bedy greafly influ-
ences the axial stress. Significant reductions. in axial. stresses are
shown for sectors with no axial constraint as compared with the other
constraint conditions. For the cases considered, the maximum axial.and
in-plane stresses are always located at the'interéeétion'of the sector
angle bisector and the inner surface, whercas the minimum axial stress
is along a radial edge. The minimum in-plane stress is either inside the
body or on the inner surface.

The maximum stresses may also be reduced by using nested, thin-

walled cylinders13

in place of a single, thick-walled cylinder. Thus,
an analysis for a 30-in.-ID cylinder with various radial thicknesses up

to 12 in. was made. Sectors were also examined on a maximum axial stress

135, P. Fraas et al., "Preliminary Design of a 10-Mw(t) Pebble-Bed
Reactor Experiment,' Oak Ridge National Laboratory, May 8, 1961, unpub-
lished report.

‘-
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Table 8.5. Irradiation-Induced Stresses in Complete Cylinders and in Sectors
Stresses (psi per year)
Axial
In-Plane Complete Axial Constrained Against No Axial
Constraint Bowing or Warping Constraint
Maximum . Minimum  Maximum  Minimum Maximum Minimum Maximum  Minimum
x 103 X 103 X 103 x 103 x 103 x 103 X 103 x 103
Complete cylinder®  2.48 ~0.76 6.57 0 5.03 -1.55 5.03 ~1.55
180° sector 1.80 —0.98 6.30 0.26 4.79 —1.28 4.23 ~2.04
90° sector 0.78 —0.28 5,98 0.26 b, by ~1.28 3.13 -1.80
45° sector 0.51 —0. 44 5.80 0.26 4.34 ~1.28 2.24 —0.63
Complete cylinderb 3.12 —0.37 6.79 0.17 6.33 —0.56 6.33 —0.56
90° sector 1.71 —1.43 4.05 -1.15

6.30 0 5.83 —0.20

aWith dimensions of 30 in. ID

bWith dimensions of 30 in. ID

ard 54 in. OD.
and 90 in. OD.

gee
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versus thickness basis. Since the in-plane stresses for sectors are small,
the contributions from them are negligible; this is especially true for

small sector angles. Therefore, the sector analyses were made disregard-

ing the in-plane stresses.

The results of studies on sectors and complete cylinders are shown
in Fig. 8.7, where the maximum tensile stress (meximum axial stress) is

plotted as a function of sector angle and thickness.

sumed to have no axial constraint (condition 3).

actually applies to a complete cylinder. The results for 12-in.-thick
units are those from Table 8.5. It is significant that the stresses for

thin sectors change little with sector angle between W/2 and 217, but the

change increases with increasing radial thickness.

The bodies are as-

The 27 sector angle
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Fig. 8.7. Maximum Tensile Stress as a Function of Sector Angle and

Thickness.

Design Criteria for Graphite Components

5. E. Moore J. G. Merkle

The tensile strength of graphite, which ranges from about.1000 to

2000 psi, and the fracture elongations, 0.1 to 0.4%, are low when

0
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compared with the stresses or total strains to be sustained by graphite.
bodies used in nuclear reactors. Thus calculations indicate that frac-
ture of these bodies will occur during service. The obvious consequence

has been to design reactorst#,1%

so that the graphite can be removed when
the useful lifetime of the component has been exhausted.

A sltudy is therefore being conducted to establish adequate design
criteria for graphite éomponents. The behavior of bodies under complex
stress states is being examined through experimental and analytical studies
on specimens with simple geometries subjected to single loadings. ‘

In the analysis of bodies that are locaded to failure, the ability to
make accurate predictions depends, in part, on the accuracy with which the
stress-strain relationships are represented. Generally, analyses are made
in one of two ways; the material is assumed to behave elastically over the
range of loading or an elastoplastic analysis is made.

When the behavior of the material is typified by that of graphite
in uniaxial tension, neither assumption for the stress-strain relation-
ship is correct; however, the errors involved depend upon the sensitivity
to this factor. Thus calculations were made to study the importance of
the stress-strain relationship upon the stress and strain distributions
in bodies under external load.

A hoﬁogeneous, isotropic material giving a stress-strain diagram
both in tension and compression similar to that for graphite was consid-
ered. Three approximations to the stress-strain relationship were selected.
The first was a linear relationship with the slope equal to the slope of
the actual curve at the origin; the second was an elastic-ideally plastic
curve with the slope of the elastic portion being the same as for the
first relationship and the area under the curve equal to the area under
the measured curve. Finally, a linear relationship obtained by drawing a
straight line between the origin and the fracture point was used. These

relationships and the actual stress-strain diagram for AGOT graphite are

140ak Ridge National Laboratory, "Conceptual Design of the Pebble Bed
Reactor Experiment,” USAEC Report ORNL-TM-201, May 17, 1962, pp. 179—184.

150ak Ridge National Laboratory, "The ORNL GCR-3, A 750-Mu(e) Gas-
Cooled Clad-Fuel Reactor Power Plant," USAEC Report ORNL-3353, December 27,
1962, pp. 2.26-2.42.
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‘shown ‘in Fig. ‘8.8, where the ‘approximations are labeled 1, 2, and 3, re-
spectively.

The fracture stress and elongation for the specimén tested were 2600
psi and 0.21%. The modulus of elasticity for assumed relationships (1)
and (2) was 1.76 X 10% psi, and the value for the third was 1.27 X 10°
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psi. The yield stress, cry, for the elastic-ideally plastic case was 2300
psi.

The bodies initially examined were thick-walled cylinders under in-
ternal pressure loadings. The pressure was selected to give a maximum
tensile strain for the elastoplastic case near the fracture strain of
the material. The results for cylinders with an inside radius—to;outside

radius ratio, a/b, of 0.5 are shown in Figs. 8.9 and 8.10. In Fig. 8.9
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the ratios of the principal stresses to the yield stress of the elasto-
plastic case are plotted versus the radius ratio, r/b, and in Fig. 8.10
the ratios of principal strains to the fracture strain are shown. The
subscripts r, 8, and z refer to the radial, tangential, and axial direc-
tions, respectively. The internal pressure is 1435 psi and Poisson's
ratio is 0.30 for the elastic regions.

The plastic front for the elastoplastic analysis occurs at r/b = 0.75,
as may be seen by the discontinuities in the axial and tangential stress
curves. It may also be seen from Fig. 8.9 that the stress distributions
for stress-strain relationship (2) are much different from those for (1)
and (3). In the case of strains, relationships (2) and (3) do not give
significantly different results in the axial and tangential direction;
however, the radial strains are strongly affected by the stress-strain
relationship. Similar results were obtained for cylinders with other
a/b ratios.

Since the quantities that could be measured in a thick-walled cylinder
test are the axial and tangential strains, it would be difficult to dif-
ferentiate between relationships (2) and (3). Therefore, the studies
will be extended to include other cases. Thermal loadings will be ex~
amined on the same basis, and the anisotropy of the material must be fac-

tored into the study.

Compatibility of Graphite and Metals in Hydrogen

A. M. Smith R. E. MacPherson

Further tests were conducted in the study of reactions of hydrogen,

graphite, and metals in high-temperature autoclaves. 16

FPollowing the ini-
tial test at 1000 psig and 1500°F, which was terminated after approximately
200 hr because of a gradual pressure loss, the inner surface of one of

the three autoclave units was preoxidized and a pressure-decay test con-
ducted at the same conditions. Results of this test showed a significant

increase in the leakage rate compared with the leakage rate in a similar

164, M. Smith and R. E. MacPherson, Compatibility of Hydrogen and
Graphite, pp. 291292, "GCRP Semiann. Prog. Rep. Sept. 30, 1962," USAEC
Report ORNL-3372, Oak Ridge National Laboratory.
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test at 1000 psig and ambient conditions, that is, 2 X 1072 versus 6 X 10-%

em? (STP)/sec. When the hydrogen in the unit (still at 1500°F) was re-
placed with helium, however, the leakage rate was reduced to 4.8 X 1074
em’ (STP)/sec, which compared favorably with the leakage rate of hydrogen
at ambient conditions. Consequently it was felt that most of the pressure
loss resulted from the diffusion of hydrogen through the hot wall of the
autoclave unit. ' '

Since it appeared logical to expect similar experience with the re-
maining units, a decision was made to operate two units (tests No. 2 and
3) at 1500°F and offset the losses by numerous repressurizations. Type
AGOT graphite plus'specimens of type 304L and 310 stainless steel, Inconel,
and a control specimen of 19-9DL steel were used in both tests, which were
of 1000 hr duration at an average pressure of 850 psig.

Analyses of the hydrogen used in test No. 2 showed a steady increase
in CH, concentration over the entire test period, with a maximum value of

16.8 vol % at the end of the test. Analyses of hydrogen used in test No.
| 3 showed a similar trend; however, because of a smaller volume ratio of

hydrogen to graphite, the maximum CH, value was only 5.3 vol %.

Behavior of Beryllium Oxide Compacts Under
Fast-Neutron Irradiation

G. W. Keilholtz J. E. Lee, Jr.
R. E. Moore 4

Postirradiation examinations of specimens from BeO irradiation ex-
periment 7 were completed, and the results are discussed below. The ir-
radiation in the ETR of experimental unit 9 was completed in January, and
hot-cell disassembly is under way. This unit received a fast-neutron
(>1 Mev) dose of about 3.5 X 10?°! neutrons/cm?. Experimental unit 8,
which is similar to unit 9, will continue to be irradiated in the ETR un-
til June 1963, for an expected exposure of 6 X 10°! to 8 X 10?1 neu-
trons/cmz. The irradiation of experimental unit 10, an uninstrumented,
water-cooled assembly, was started in January. The planned exposuré is
about 1021t neutrons/cﬁ?. A summary of the irradiation conditions for ex-

perimental units 6.through 10 was given in a previous report.17‘

Q
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Postirradiation Examinations of Specimens from Experimental Unit 7

Metallogrephic Examination. (E. J. Manthos, E. L. Long, Jr.) Photo-

micrographic evidence of grain-boundary separation in irradiated BeO,
which can account for much of the observed change in physical properties,
was presented previously.17 The metallographic study of the specimens ir-
radiated in experiment 7 is now complete, and the results confirm earlier
conclusions.

The effect of temperature on the degree of grain-boundary separation
ig illustrated in Figs. 8.11 and 8.12. Very little separation can be seen
in Fig. 8.11, which shows cold-presced material irradiated to an exposure
of 2.25 X 10?1 neutrons/ecm® at 1100°C in capsule 8. On the other hand,

the cold-pressed BeO in capsule 1, which received a much lower fast-neutron

17G. W. Keilholtz, J. E. Lee, Jr., and R. E. Moore, Behavior of BeO
Under Irradiation, pp. 269279, "GCRP Semiann. Prog. Rep. Sept. 30, 1962,"
USAEC Report ORNL-3372, Oak Ridge National Laboratory.
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Fig. 8.11. Irradiated Cold-Pressed and Sintered BeO Specimen 7-8-2,
Which Was Exposed to a Fast-Neutron (>1 Mev) Dose of 2.25 X 102?! Neu-
trons/cm? at 1100°C in Experiment 41-7. As polished.
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Fig. 8.12. Irradiated Cold-Pressed and Sintered BeO Specimen 7-1-5,
Which Was Exposed to a Fast-Neutron (>1 Mev) Dose of 1.20 X 102! Neu-
trons/cm2 at 583°C in Experiment 41-7. As polished.

dose, 1.2 X 1051 neutrons/cmz, at a much lower temperature, 583°C, exhib-
ited a high degree of grain-boundary separation, as can be seen in Fig.
8,12,

A comparison of the complete series of photomicrographs of both
types of as-polished specimens substantiated an earlier conclusion that
hot-pressed BeO underwent more extensive grain-boundary separation than
cold-pressed BeO under the same conditions of fast-neutron exposure and
temperature. Also, there is a correlation of volume increase of the
specimens with the degree of grain-boundary separation estimated from
visual inspection of the photomicrographs.

Grain sizes of the cold-pressed and sintered specimens ranged from
20 to 40 p; the average was 27.5 p. The hot-pressed material was homo-
geneous because the cylinders were machined from very large pieces; the
range of measured grain sizes was 28 to 33 p, with the average 30 p. The A
grain-size measurements show no evidence of grain growth under the condi-

tions of the experiment.



>

»

»

245

Thermal Conductivity. The loss in thermal conductivity of specimens

in capsules 3 and 5 was calculated from in-pile temperature difference
measurements and plotted against fast-neutron dose in Fig. 8.13. The '
thermal conductivity decreased at a greater rate in the higher flux region
(capsule 5), but appeared to level off at about 40 to 45% of the original
value as the neutron dose approached 4 X 1021 neutrons/cmg. Experimental
unit 7 was not designed to achieve separation of the neutron-dose and
neutron-flux variables, but the fact that capsules 3 and 5 were irradiated
at very nearly the same temperature permits a separation of the variables
for the specimens from these capsules. The slopes of the curves in the
lower dose range (<1021 neutrons/cm?) are uncertain, however, because of

the widely scattered values of temperature difference.
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Fig. 8.13. Decrease in Thermal Conductivity of BeO vs Integrated
Fast-Neutron Flux in Experimental Unit 41-7.

X-Ray Diffraction Examinations. (H. L. Yakel) X-ray diffraction

studies of finely ground specimens from experimental unit 7 were recently
completed. The fractional c parameter increase, Ac/co, was quite small
(<0.0015), as was expected in view of the high temperatures, but it was
approximately proportional to the neutron dose above 900°C, as can be seen
in Fig. 8.14. The effect of temperature is illustrated by the relatively
high valué of Ac/co at 583°C and low values at 1100°C. There was a large
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_variation in the anisotropic expansion ratios, (Ac/cé)/(éa/ao), but the
average (~8) was near that for other experiments.

" Marked symmetrical broadening of all reflections hk-£ with £ large,
which may Be indicative of lattice-defect agglomeration between certain
of the planes perpendicular to the c-axis, was noted in all patterns, ex-
cépt those fbr specimens in capsule 7. These two patterns were anoma-
lously sharp, and the lattice parameters wefe anomalously low. Metal-
lographic examination of the steel cladding of capsule 7 (see subsequent
section of this chapter) indicated, however, a period of operation at a
higher temperature than the average temperature of 935°C for this capsule.
Partial annealing of the lattice damage to the BeO in the capsule could
have occurred during this period.

Lattice parameters and anisotropic expansioﬁ ratios of corresponding
hot-pressed and cold-pressed samples are in‘fair&agreement. The increése
in volume calculated from the lattice parameters is only about 4% of the
total volume increase of the hot-pressed compacts and only about 8% of
that of the cold—preséed material. Nevertheless, as can be seen in Fié.
8.15, there is a correlation of total volume increase for both types of
BeO with the.c parameter increase. _

Gaé.Content. The tritium generated in the specimens of experimental
unit.7 was nearly completely lost, as in previous experiments at high tem-

peratures, and about 50% of the helium escaped during exposure to high

L2
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Fig. 8.15. Volume Increase of BeO Specimens vs Increase in ¢ Parame-
ter, Experimental Unit 41-7.

fast-neutron doses (>3 X 1021 neutrons/cmz). The grain-boundary separa-
tion that occurred at the high doses may have permitted scome of the helium
to diffuse out of the compacts. Results!? of experiment 6 indicated a
helium loss of about 60% after a much lower exposure (<10?! neutrons/cm?).
The BeO used in this experiment was, however, of very low density and quite

porous; consequently, loss of helium by diffusion was expected.

Discussion of Results of Experiment 7

The increase in volume of BeO compacts exposed to high fast-neutron
doses is one of the important criteria of irradiation damage. The frac-

tional volume increase may be represented by the approximate equation

AV, AV oV AVg

vV, vty
o} o o o]
in which
ANT = total volume increase,
AVZ = volume increase calculated from lattice parameters,
AV, = volume increase caused by lattice-defect agglomeratibn,

d
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AV
g

v
o}

volume increase caused by grain-boundary separation,

]

unirradiated volume.

The lattlce parameter expansion, AV /V , which can be calculated
from measured values of the ¢ and a parameters, is much less at high tem-
peratures than at very low temperatures.18 Nevertheless, it is still ap-
proximately proportional to the neutron dose at temperatures above 900°C.
Evidence from the x-ray diffraction batterhsl9 shows that the defect-
volume increase, AN&/VO, like ANz/VO, is anisotropic and producee an ad-
ditional preferred growth in the direction of the c axes of individual
crystals. Values of ANa/VO can be obtained from measurements of the den-
“sities and lattice parameters of single crystals included in experiments
now in progress. It should be possible therefore to calculate the values
of AV /V for corresponding sintered compacts.

The two principal mechanisms proposed for grain-boundary separatlon
in pure BeO are (1) anisotropic expansion of the crystals .that results in
stresses at the grain boundaries which ultimately overcome the intergranu-
lar bonding forces and (2) the breaking apart of grain boundaries by the
pressure of the helium that diffuses to the grain boundaries after its

production by neutron reactions within the crystals.. It seems certain

that the first mechanism applies at low neutron doses and low temperatures,:

because under these conditions. grain-boundary separation .occurs :with very

low helium production.zo

The question of whether this mechanism is also
dominant at high temperatures and high neutron dose is still unanswered,
because there was no separation of the neutron-flux and neutron-dose
parameters in experiment 7? except in the in-pile thermal conductivity
meaeurements. The correlation of c parameter increase with total volume

increase (Fig. 8.15) does not, <in itself, substantiate the anisotropic

18R. P. Shields, J. E. Lee, Jr., and W. E. Browning, Jr., "Effects
of Fast-Neutron Irradiation and High Temperatures on Beryllium Oxide,"
USAEC Report ORNL-3164, Oak Ridge National Laboratory, March 16, 1962.

19H. L. Yskel and B. S. Borie, Acta. Cryst. (1963) (in press).

207, Elston, "Radiation Damage in Solids," Proceedings of Symposium
on Radiation Damage in Solids and Reactor Materials, Venice, May 7-11,
1962, Vol. II (Vienna, IAEA, 1962).

K
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expansion mechanism, because Ac/co is also proportional to the neutron
dose (Fig. 8.14).

The experimental units now being evaluated and undergoing irradiation
are statistically designed®! to separate the pafameters of grain size,
density, specimen size, neutron flux, neutron dose, and temperature. More
than 300 cold-pressed cylindrical compacts made from the same starting ma-
terial and sintered at the same temperatﬁre, as well as single-crystal
specimens, are included. The statistical design should permit a test of
the proposed damage mechanisms, and the results should prdvide guantita-

tive reactor-design information.

Metallographic Examination of Cladding and knd Caps from BeO Experimental
Unit 41-7 (E. J. Manthos)

It was noted during the disza.ssem.blyl'7 of experimental unit 7 that the

type 430 stainless steel cladding surfaces of capsules 7 and 8 appeared to'

‘4

be large grained. The average operating temperatures were 935 and 1100°C, -

respectively. The end caps of these capsules, originally flat, were bowed,

and shiny crystalline metal deposits were present at the ends of the in- .

terior surfaces of the cladding. Capsule 4 presented a normal appearance

even though it operated at a higher temperature (970°C) than capsule 7. -

Metallographic examination revealed, however, that the grains of the steel RS

cladding of capsules 7 and 8 were similar and much larger than those of
capsule 4. In addition, the microhardness (DPH, 500-g load) of a control
specimen and cladding sections of capsules 4, 7, and 8 were 202, 147, 142,
and 140, respectively. '

Metallographic evidence thus indicates that capsule 7 operated for a
period of time at a temperature greater than the average operating tem-
perature of 935°C and possibly at a temperature as high as that of capsule
8, 1100°C. Tne crystalline type 430 stainless steel deposits may have re-
sulted from vaporization of metal from the sides of the end caps and sub-

sequent condensation on the adjacent cooler capsule walls. Preferential

2lp, A. Gardiner, "The Experimental Design for BeO Irradiation Bx-
periments ORNL-41-8 and ORNL-41-9," USAEC Report ORNL-3310, Oak Ridge
National Laboratory, July 2, 1962.
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diametral expansion of B&O may have forced the capsule walls away from

the end caps, which would result in overheating of the end caps.
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9. STUDIES OF ADVANCED SYSTEMS

GCR-3 Power Cycle Studies

W. R. Gall

The steam power cycle proposed in the GCR-3 studyl included six re-
generative feedwater heaters to provide a feedwater temperature of 450°F.
In order to provide an adequate temperature difference between the gas
and steam in the steam generator, it would be necessary to return the gas
to the blowers at 550°F. The biower power required to circulate the gas

would vary as follows:

o, - e T [pc(k—l)/k _ 1] )

1 (T, —T1)
where

Qb = ywork done on the gas by the blowers,

QT = total thermal energy, including Qb and the reactor heat,
n = efficiency of the blovers, ,

Ty = blower suction temperature (absolﬁfe),

T, = reactor outlet temperature (absolﬁte),

Pe ™ compression ratio,

k = adiabatic exponent of the gas.
For the conditions of the GCR-3 design Qp = 2000 Mw, n = 0.85, k

T, = 1010°R, T, = 1610°R, and [pc(k“'l)/k - 1] = 0.0231; so Q /a,
or 4.5% of the total energy of the system.

1.659,
0. 0452

In terms of the blower suction temperature, the blower work for the

" GCR-3 system is

Q, 0.0272Ty
Q; - 1610 - T,

1M. Bender and W. R. Gall, "The ORNL GCR-3, A 750 Mw(e) Gas-Cooled
Clad-Fuel Reactor Power Plant, A Joint Design Study, " USAEC Report
ORNL-3353, Oak Ridge National Laboratory, January 1963.
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Thus'the'sﬁction temperature affects the blower work both by changes in
the compressive work per pound and by the total number of pounds pumped.
This effect was calculated by adding heaters to and subtracting them from
the heat-balance diagram for the GCR-3 cycle, and the results presented
in Table 9.1 were obtained. Enthalpies were held constant throughout

the cycle, and the total thermal energy available at the steam generator
was held at 2000 Mw. ’ '

Table 9.1. Effect of Feedwater Temperature on Performance
of GCR-3 Power Cycle

Feedwater temperature, °F 93.6 265.1 342.7 386.9 450.1. 533.0

Number of heaters 0 2 4 5 ) 7

Blower inlet temperature, 366 452 494 517 550 598
DF .

Reactor inlet tempera- . 388 476 519 543 - 578 627
ture, °F '

Blower work, % of reactor 2.95 3.68 4,11 4.37 4.83 5.49
heat

Heat rate, Btu/kwhr 9716- 9148 8955 - 8932 8937 8990
Net plant efficiency, %  35.5 38.0  39.0  39.2 39.3  39.3

The daté presented in Table 9.1 are shown graphically in Fig. 9.1.
The most noticeable feature of the curves ovaig. 9.1 is the broad flat
shape of the efficiency and heat-rate curves between feedwater tempera-
tures of 350 and 530°F. The change in efficiency in this range is only
0.2% of 39%. This is a considerably flatter efficiency peak than is
typical for conventional power plants.

The economics also differ from those of conventional plahts. Since
efficiency changes little with,fegdwater temperature, the fuel cost also
" changes little, and the significant economic factors are the effects of
the temperature on the capital cost of equipment. Costs of blower equip-
ment, gas piping, feedwater heaters, and the reactor core increase with
increases in the feéedwater temperature, whereas the steam generator cost
decreases. Before final se;ection of the feedwater temperature is made,

a careful evaluation of these economic effects is required.

)
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GCR-3 Power Cycle.

GCR-4 Design Studies

W. R. Gall

the

The GCR-3 studyl:2 showed that it would be possible to generate

power in a gas-cooled reactor power plant for as little as 4.5 mills/kwhr.
The study was based on a reactor gas outlet temperature of only 1150°F in

order to be below the temperature level attainable with clad fuels.

°W. R. Gall, GCR-3 Design, pp. 340403, "GCRP Semiann. Prog. Rep.
Sept. 30, 1962," USAEC Report ORNL-3372, Oak Ridge National Laboratory.
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The Westinghouse Electric Corporation has now completed a preliminary
parametric study of a combined gas-turbine and steam-generator power cycle
of the type shown in Fig. 9.2. The basic steam conditions assumed for the

‘study were

Steam pressure, psia 2415

Initial temperature, °F 1000
Reheat temperature, °F 1000
Steam exhaust flow, 1b/hr " 3,000,000
Exhaust pressure, in. Hg abs. 1.5

Heat balances were developed for three values of feedwater temperature,
96.1, 269.4, and 450.3°F, corresponding to 0, 3, and 6 stages of heating,

UNCLASSIFIED
ORNL-DWG 63-548
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. Fig. 9.2. Schematic Diagram of Combined Gas Turbine and Steam-
Generator Power Cycle for a Gas-Cooled Reactor.
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reépecﬁively. The results of the three heat-balance determinations are
listed in Table 9.2. In all three cases it was assumed that the boiler
fee& pumps were driven by sﬁeam turbines and the gas circulators were

dri#en by gas turbines. For the threé feedwater temperatures the corre-

sponding gas temperatures at the compressor suction were:

Feedwater Gas Suction
Temperature (°F) . Temperature (°F)
96.1 . 375
269.4 470
450,3 550

The turbine exhaust temperature was L150°F for all cases, and the exhaust
gas went to the steam generator, as shown by Fig. 9.2. The compression

‘ratio required to overcome frictional resistance was assumed to be 1.06.

" Table 9.2. Heat Balances for Various Feedwater Temperatures

Feedwater temperature, °F 96.1 269. 4 450.3

Stagee of heating 0 3 6

Exhaust steam flow, lb/hr 3,008,059 3,002,107 3,009,522
* Throttle flow, 1b/hr 3,116,000 3,700,000 4,500,890
- Steam turbine power, kw 578,476 658,925 714,434

Heat rate, Btu/kwhr 8,660 8,064 7,760

Ten gas turbine and compressor arrangements were studied as topping
cycles for the three steam cycles. In three of these the gas turbines
prdvided only enough power to drive the compreésors. The other seven were
selected to show the effect on over-all plant performance of generating
various amounts of net power in the gas turbinés with gasbtemperatures up
to 1500°F at the turbine inlet. The results are given in Table 9.3 and
Figs.(9.3, 9;4, and 9.5.

For the simple case where the gas turbine is used only to drive the
gas'éirculator, a reactor exit temperature of 1240°F is adequate, as shown
in Fig..9.3, if no feedwater heating is used. A gain in efficiency results
from further increases in the reactor exit temperature, however, since it
permifs a.higher feedwater temperature and thus higher efficiency in the

steam cyclé, which establishes the net capability of the system. TFor a



Table 9.3. Results of Parametric Study of Various Gas-Turbine and Steam Generator Combinations

Compressor °~  Number Turbine Net Total Net Gas- Total Power Reactor Reactor
Suction of Inlet Gas-Turbine Flow of Turbine Output of Inlet Thermal Efficiency

Temperature Compressicn Temperature Pover Helium Power Plant Temperature Povwer (%)
(°F) . Stages . (°F) (kw/1b-sec)® (1b/sec) . (kw) (kw) {°F) (kw)
375 , 12 1240.3 0 1436.4 0 578,476 465.3 1,467,754 39.41
470 18 1288.2 0 1736.5 0] 658,925 607.§ 1,557,583 42.30
550 . 28 1368.6 2053.4 o] T4, 434 768 .4 1,624,970 43.97
375 28 1421.7 66 .94 1436.4 96,153 674,629 693.4 1,568,697 43.01
470 - 28 1390.5 27.75 1736.5 48,188 707,113 688.4 1,607,496 43.99
375 23 1368.6 47.30 1436.4 68,660 647,135 555.6 1,539,721 42.03
476 26 1368.6 21.98 1736.5 38,168 697,093 671.1 ' 1,596,964 43.65
375 18 1308.2 25.56 1436.4 36,714 615,192 512.9 1,506,199 40.84
470 37 1475.0 49.62 1736.5 86,165 745,090 755.5 1,647,334 45.23
550 43 1500.0 4 44,600 759,034 882.7 1,671,267 45.42

21.72 . 2053.

aBased on helium as the circulated gas.
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feedwater temperature of 450°F the reactor exit temperature required is

1368.6°F and the efficiency of the plant is 43.97%, as compared with 39.4%

at the lower temperature.
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to steam generator at 1150°F.
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For a given reactor exit temperature, the maximum efficiency occurs
at a lower compressor suction temperature than 550°F, as shown in Fig.
9.4, where efficiency curves for reactor exit temperatures of 1368.6 and
1500°F are presented. The lower curve corresponds to the reactor outlet
temperature at which no net gas-turbine power is generated at a suction
temperature of 550°F. At lower suction temperatures, however, some ex-
cess power is available, so this curve is higher at all other points than
the efficiency curve of Fig. 9.3. At the higher reactor exit temperature
of 1500°F, a greater fraction of the plant output is generated by the gas
turbine, so the effect of a higher feedwater temperature carries less
weight and the maximum efficiency occurs at a still lower temperature

for better gas-turbine performance.
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Figure 9.5 indicates the effect of increasing the reactor exit tem-
perature on the required reactor thermal power and on the net power from
the gas turbine for a power plant with an electrical output of 1000 Mw
using a fixed compressor suction temperature of 470°F and the basic con-
ditions of. the parametric study of the system shown in Fig. 9.2. The
fraction of net power supplied by the gas turbine is small at all tempera-
tures below 1500°F, amounting to only 13.3% at 1500°F. At 1500°F, how-
ever, the gross power generated by the gas turbine alone is more than 100%
of the net electrical output of the plant (1060 Mw vs 1000 Mw). ‘''he dif-
ference between the gross and net gas-turbine power is the work done on
the gas by the compressor. Studies are under way to determine the eco-

nomics of the system using a suction temperature of 470°F; a feedwater
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temperature of 270°F, a reactor exit temperature of approximately 1500°F,

and a plant designed for a total electrical output of 1000 Mw.

Comparison of Coolants for Gas-Cooled Reactors

G. Samuels M. E. Lackey

The relative merits of coolants for gas-cooled reactors were studied
on the basis of their molecular weight, specific heat, thermal conduc-
tivity, and viscosity. The radiation and thermal stability and the cor-
rosion effects of the gases or their products were not considered. The
hydrocarbons, which are known to be thermally unstable at temperatures of
interest, were not included, and chlorine compounds were omitted because
of their high neutron-absorption cross section.

For comparing the coolants, the GCR-3 systeml was used as the base
design, and the system was divided into four components: the core, the
piping, the steam generators, and the blowers. In all cases, the gasAtem—
perature, power output, and fuel element surface temperature were held
constant. For evaluating core performance, both the channel diameter and
the surface roughness of the fuel elements were varied to maintain the
same maximum fuel surface temperature. In the steam generators, the spac-
ing between the tubes was'varied so that the total heat transferred and
total surface area remained constant. This attempt to hold conditions
as nearly constant as possible resulted in rather severe penalties for
some of the coolants, especially for CO» and SOz in the steam generator.
The thermal, nuclear, and physical properties and the performance charac-
teristics of the coolants investigated are summarized in Tables 9.4 and
9.5.

It may be seen from Table 9.5 that Hy, SiH,, CF,, SiF4; SFg, and CaFg
are all superior to helium, with SiH,, SFg, and CpFg being the best. Also,
S0, is a very poor coolant for the GCR-3 operating condition and would be
of interest only in unusual applications in which the blower suction tem-
perature was in the range 300 to 350°F and the system pressure about 1000

to 1100 psi.
A determination was also made of the cost td a reactor system of

using a mixture of neon and helium in place of helium, The following



261

Table 9.4. Thermal, Nuclear, and Physical Properties of
Coolants for Gas-Cooled Reactors

Thermal and Physical Properties

Microscopic °
Absorption Cross at 860°F
Molecular .
Gas . Section at . o
Weight Specific Thermal . .
Thermal Energy . Viscosity
(cm'l) Heat Conductivity (lb/hr-ft)
(Btu/1b: °F) (Btu/hr-ft- °F)
He L4 1.95 x 104 1,245 0.162 0.0885
Ho 2 1.87 X 1072 3.501 0.215 0.0380
CO, 4y 1.15 X 1072 0.269 0.0289 0.0763
S0, 64 1.45 X 1072 0.190 0.0195 0.0727
SiH, 32 4.27 x 1072 0.540 0.0618 0.0598
CFy 88 1.22 X 10~ 0.267 0.0291 0.0830
SiF, 104 6.42 X 1073 0.224 0.0240 0.0785
SFe 146 1.62 x 1072 0.239 0.0264 0.081
CoFg 138 1.88 x 1077 0.252 0.0225 0.080

tabulation gives an approximate value of the required pumping power for

neon-helium mixtures compared with 100% helium:

Required Pumping

Gas (vol %) Power Relative
to That for
Neon Helium 100% Helium
20 80 1.80
10 20 1.40
5 95 1.20
2.5 97.5 1.10
0 100 1.00

In attempting to place a value on the pumping power, the GCR-3 design and
cost figures were used, along with the following assumptions:

1. The plant gross output remains the same.

2; All plant eguipment remains the same except for the blower drives
and shaft. .

3. The base cost of the drives and shatt is $2,500,000 and increases
as the 0.6 power of the required power input.

4, The increased power to the drives causes a like decrease in the
net plant output.

5. The GCR-3 system volume Is 1.5 X 10% rid.



262 T

Table 9.5. Performance Characteristics of Coolants for Gas-Cooled

Reactors Relative to the Characteristics of Helium L
Relative Pressure Drop Blower Requirements
- Relative
Gas Weight Suction  Pumping
Core GeiZiZﬁbr Total Flow %gi% Volume Power
. Ratio Ratio
He 1.0 1.0 1.0 1.0 22,500 1.0 1.0 -
Hy 0.227 0.370 0.267 0.356 11,200 0.682 0.177
COy 2.749 10.711 4.531 4.628 10,500 0.528 2.156
S02 4,702 26.229 9.600 6.553 19,600 0.809 5.698
SiH, 0.739 1.080 0. 804 2.306 2,230 0.285 0.228
CF, 1.409 5.509 2.311 4.663 2,450 0.229 0.506 -
SiFy 1.784% 8.245 3.231 5.558 2,990 0.245 0.740 «
SFg 1.094 7.431 2.557 5.209 1,650 0.157 0.381
CoFg 1.168 6.275 2.311 4,941 1,560 0.155 0.341

6. The loss rate of coolant is 1 1/3 charges per year.

7. Total plant output is 5.4 X 10° kwhr/year and is valued at 6
mills/kwhr.

8. The capital cost rate is 14.5%.

For the gas mixture with 2.5 vol % neon, as an example, the pumping
power would increase from 10 to 11% of plant output, the cost of the blower
drives would increase about 6%, and the plant output would decrease by 1%.-
The yearly cost of these effects would be the following:

Cost of larger drives = 2.5 X 10° X 0.06 X 0.145 ¢
= $21,800
Value of power lost = 5.4 X 10% X 0.006 X 0.01
= $324,000
Total cost per year = $346,000

The saving, S (per 1000 ft2 of gas), required in the cost of the coolant
to offset the above penalty would be

[(1500 X 0.145) + 200018 = $346,000 ,

and thus the required decrease in coolant cost to justify a 2 1/2% ad-
dition of neon to helium would be $156 per 1000 ft3. Considering the

linear relation between the neon content and pumping power, the saving
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required for each 1% increase in neon content would be about $62.50 per

1000 ft3 of coolant.

Parametric Study of Large Pebble-Bed Reactors

J. W. Michel

A study was made of the heat transfer and fluid flow parameters for
the core of a pebblé-bed reactor designed for operation in the thermal
power range 2500 to ldO;OOO Mw. The study was limited primarily to ap-
plying the reactor heat to make saturated steam at a maximum temperature
of 300°F and to optimizing the steam generator design using the recently
developed GCSG computer code. 3

Four general types of core geometries were examined before selecting

‘the radial-flow type for a more detailed analysis. The four types were

(1) upflow (levitation limited and restrained), (2) downflow, (3) folded
flow, and (4) radial flow. The basic design parameters selected ‘in an R

attempt to arrive at a feasible minimum-cost plant are listed below:

Thermal power level, Mw 25,000 .
Coolant gas Helium

Coolant pressure, psia 1000

Core inlet temperature, °F 350

Core outlet temperature, °F 1050 T
Minimum core dimension, ft 15 -
Allowable power deneity for 240

1 1/2-in.-diam fueled

spheres, w/cm3
It was Further assumed that a prestressed concrete pressure vessel of up
to 60 ft in inside diameter could be built to contain helium at 1000 psia.

The three typical radial outflow designs studied a}e described in

Table 9.6, which indicates the effects of changing the core geometry and
the fuel-sphere size. The relative importance of the cost of the blower
drive equipment as affected by the system pressure drop should be noted.

To a Tirst order approximation, the optimizétion ol the associated steam

3A. P. Fraas and M. N. Ozisik, "Steam Generators for High-Temperature
Gas-Cooled Reactors,' USAEC Report ORNL-3208, Oak Ridge National Labora-
tory, April 8, 1963.
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v
Table 9.6. Characteristics of Three Radial-Outflow Pebble-Bed Cores
Design 1 2 3
Core inside diameter, ft 20 20 15
Core outside diameter, ft 50 50 45
Height, ft 26 41 48 i
Fuel-sphere diameter, in. 4 5 5
Ratio of pumping power to heat  0.011 0.0036 0.0039
removal -
Pressure drop through core, 16.8 5.45 5.91 -
psi
Core power density (maximum 20.6 13.1 13.1
allowable), w/cm? -
Flow rate, 1b/hr 115 X 108 115 x 106 115 X 106
Blower suction capacity, cm 4.2 %X 108 4.2 X 108 4.2 X 10°
Number of spheres in pebble 1.35 x 10° L.11 X 106 0.95 X 10°
bed
Bed volume, ft? 42,900 69,000 67,500
Weight of spheres in bed, tons 1,400 2,200 2,150
Core inlet velocity for double 130 130 260 -
entry, with 1 1/2-ft-thick
reflector, ft/sec
Core inlet pressure drop, psi 0.37 0.37 1.5 .
Blower head required, ft 12,960 7,870 8,430
Drive power required for 85% 752,000 456,000 489,000
blower efficiency, hp }
Cost of drive equipment at $15  $11.3 X 10° $6.84 X 10% $7.34 X 10°
rer unit of power regquired
Estimated cost of pressure ves- $4.18 X 10%  $5.71 x 10® $5.35 x 106
sel at $40 per cubic foot of
internal volume
Total cost of drive equipment $15.5 X 106  $12.6 x 10% $12.7 X 108

and pressure vessel
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generator was computed using the GCSG code. The design of one of the six

axial-flow steam generators assumed to be required is described below:

. Tube diameter, in. 11/2
Tube bundle diameter, ft 16.4
Tube bundle length, ft 66.0
Ratio of pumping power to heat removal 0.005
Steam mass flow rate, 1b/ft?-sec 70
Estimated tube-bundle cost, dollars 3 x 106

Fuel-Cycle Cost Study for a Large Pebble-Bed Reactor

A. M. Perry H. F. Bauman J. G. Delene

Fuel-cycle costs and conversion ratios were calculated for large
fueled-graphite reactors of the pebble-bed type. Such high-temperature
gas-cooled reactors have, among other features desirable in large power
reactors, highly efficient power cycles and the capability of high con-
version ratios, or even breeding, using a thorium cycle with fully en-
riched uranium.% The core of the reactor was assumed to be in the form
of an annular bed that provided for radial flow of the coolant gas. from
a central gas duct outward through the fuel bed. In the reference design,
the pebble-bed inside diameter was 15 ft, the outside diameter was'45 ft,
and the height was 45 ft. The annular bed, starting radially from the
centerline of the core, consisted of (l) the central gas duct, (2) a 1l-ft-
thick reflector, (3) an inner blanket, (4) the core region, (5) an outer
blanket, and (6) a 2-ft-thick reflector. There was also a 2-ft-thick re-
flector above and helow the core. At a power density of about 14 w/cm3
of bed, the thermal power generated in a reactor of this size would be
25,000 Mw. ‘

The reference pebble bed consisted of fuel spheres of graphite im-
pregnated with thorium and uranium and blanket spheres of graphite con-
taining thorium. At equilibrium the core spheres would contain, typically,
0.5 wb % uranium (U233 plus U?3%) and 10 wt % thorium and the blanket

spheres would have 0.3 wt % uranium and 25 wt % thorium. It was assumed

4H. F. Bauman and J. G. Delene, "Fuel-Cycle Cost Study for a Very
Large Pebble-Bed Reactor,’ USAEC Report ORNL-TM-572, Oak Ridge National
Laboratory (to be publiohcd).
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that the fuel would be reprocessed on site and that the uranium and thorium
would be recycled to the reactor. 1In the calculations the reflector thick-
ness was held constant while the various other factors affecting fuel-
cycle costs were studied individually to provide basic information appli-
cable to a wide range of possible pebble-bed reactor designs.

MODRIC,5 a one-dimensional, multigroup, diffusion-theory code, was
used to make preliminary optimization studies and criticality calculations.
For equilibrium cycle calculations the MERC code® was used. This code ®
uses the MODRIC code and the ERC equilibrium code as chain links and cal-
culates the composition of the reactor so that criticality and equilib-
rium conditions are simultaneously satisfied. The calculational model
assumes that the uranium processed from béth the core and blanket is re-
cycled to the core and that there is continuous feed and uniform exposure
of the core and blanket spheres. The cross sections used were the 34-group
set tabulated by Nestor,7 and the treatment of the thorium resonance cross
sections. was the same as that described by Miller.$

The fuel element fabrication and processing .costs. for a large pebble-
bed reactor of this type are not presently known. Most of the economic
optimizations. were made at $50 per kilogram of heavy elements, but .the
effects of processing costs in the range from.$10 to $100 per kilogram

were also examined.

Fuel-Cycle Cost Optimization

The purpose of the fuel-cycle cost optimization was to determine the
important variables and the way they affect the fuel-cycle costs. Each

of the variables was studied, in turn, over a wide range, while the other

5J. Replogle, "A One-Dimensional Neutron Diffusion Code for the
IBM-7090, " USAEC Report K-1520, Oak Ridge Gaseous Diftusion Plant,
September 6, 1962.

1. ¢. Alexander, Oak Ridge National Laboratory, personal communica-
tion to H. F. Bauman, Oak Ridge National Laboratory.

7C. W. Nestor, Jr., "Multigroup Neutron Cross Sections,' USAEC Re-
port ORNL-CF-61-6-87, Oak Ridge National Laboratory, June 23, 1961.
8J. W. Miller, "Thorium Resonance Cross Sections for Thermal Breeder

Reactor Study," Oak Ridge National Laboratory, January 1961, unpublished
internal communication.
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variables were held at their estimated optimum values. The parameters
studied were blanket thickness, blanket thorium concentration, fuel burnup,
blapket burnup, reactor height-to-diameter ratio, power density, moderator-
to-fuel ratio, and central duct diameter. The core thorium concentration
was selected automatically in the calculation based on achieving criti-

cality at the specified conditions.

Blanket Thickness and Concentration

It was expected that the thickness and thorium concentration of the
blanket would have little interaction with the other wvariables in the op-
timization. For this reason, the blanket thickness and concentration
were fixed first in a preliminary study using the MODRIC code.

Blanket Thickness. Somewhat arbitrarily, but from consideration of

the mechanics of sphere flow, it was decided that a blanket thickness of
less than 1 ft was not practical in a reactor of this size. The gffects
of various combinations of blanket thickness and thorium concentr§tion
were calculated based on estimated equilibrium concentrations for the
nuclides in the reactor and the simplifying assumption that blanket fis-
sions were negligible. It was found for blanket thicknesses of 1.0, 1.5,
and 2.0 ft and for thorium concentrations ranging from 6 to 40 wt % that
the effect of blanket thickness was small compared with the effect of the
total quantity of thorium in the blanket. Since any desired portion of
the neutrons available could be absorbed in the blanket by adjusting the
thorium concentration without increasing the thickness, the blanket thick-
ness was fixed al 1 LU Tor the remalnder of the study.

Blanket Concentration. The blanket thorium concentration was fixed

by balancing the economic gain from higher neutron economy with an in-
crease in thorium concentration against the accompanying increase in in-
ventory charges. Preliminary calculations with the MODRIC code indicated
that the optimum blanket thorium concentration was about 25 wt %, and this
value was used in the remainder of the study. Later MERC equilibrium cost

calculations confirmed this wvalue.

Equilibrium Calculations

The effects of the variables obtained from equilibrium recycle cal-

culations with the MERC code are shown in Figs. 9.6 through 9.11 and
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described in the following sections. Unless otherwise indicated in the

figures, the following reference conditions apply:

Blanket thickness, ft 1.0

Blanket thorium concentration, wt % 25

Height-to-diameter ratio 1.0

Power density, over-all average, w/cm® 14
Carbon-to-fissile-uranium atomic ~3000
ratio in feed

Inside diameter of central duct, ft 13

The economic factors that were fixed for this study are given in the

following list:

Cost of fuel (by isotope)

U235
Unit cost, $/kg 12,000
Interest, %/yr 4.75
U233
Unit cost, $/kg 12,000
Interest, %/yr 4.75
Trh232 )
Unit cost, $/kg 19
Interest, %/yr 14

Reprocessing and fabrication time-
Core

Cooling and processings, days 130
Fabrication, days 20

Blanket

Cooling and proceésing, days 96
Fabrication, days 20

Reserve supply of core and blanket 30
spheres, days

Processing losses

Thorium, % o 2.0

Uranium and Pa?33, % 0.3
Pa?33 throwaway losscs

Core, % 3.5

Blanket, % 8.7
Plant factor 0.8

0 o
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The unit processing costs used in the calculations included all proc-
essing and fabrication costs, and the calculations were made for process-
ing costs of $10, $20, $50, and $100 per kilogram of heavy metal processed.

Core and Blanket Burnup. The reactor fuel-cycle costs are shown in

Fig. 9.6 to be strongly influenced by core burnup, and the optimum burnup
(i.e., the burnup which gives the minimum fuel-cycle cost) changes mark-
edly with the processing costs assumed; the optimum burnup for a process-
ing cost of $50 per kilogram of heavy elements is about 0.78 fifa (fis-
sions per initial fissile atom). The conversion ratio decreases almost
linearly with core burnup.

The blanket burnup, in contrast, has very little effect on the fuel-
cycle costs. The blanket burnup is expressed as the percentage of thorium
atoms that absorb neutrons per initial thorium atom. A broad, flat mini-
mum in the fuel-cycle costs (at a unit processing cost of $50/kg) occurs
at about 5.5% burnup of the blanket. The conversion ratio has a very flat
maximum at the same point. The core burnup calculations were made at about
the optimum blanket burnup (5.5%), and the blanket calculations were made
at optimum core burnup (about 0.78 fifa).

The three main components of the fuel-cycle costs are plotted versus
core burnup in Fig. 9.7 for cores with and without blanket regions. The
pebble-bed configuration was the same for both core models; in the model
without a blanket, the blanket spheres were replaced by fuel spheres.

The processing costs shown in Fig. 9.7 are for a unit cost of $20 per kg
of heavy metal; other assumed unit costs would result in simple multiples
of the processing costs shown (e.g., if the unit cost were doubled, the
processing costs shown would be doubled). The inventory and processing
costs are nearly identical for cores with and without blanket regions;
the replacement cost is consistently lower, however, for the core with

a blanket because of the higher conversion ratio obtained.

Blanket Thorium Concentration. With the core and blanket burnups

held at approximately their optimum values, the eitfect of the blanket
thorium concentration was calculated. A broad optimum was found between
25 and 40 wt % thorium that was unaffected by the assumed unit process-
ing cost, The conversion ratio increased with thorium concentration, al-

though the effect was small at high concentrations.
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Height-to-Diameter Ratio. The results presented gbove are for a

pebble-bed with equal height and diameter, that is, 45 ft, because a
cylinder with a height-to-diameter ratio of one has a minimum surface-to-
volume ratio, and a reactor of this shape would be expected to have close
to minimum leakage. There are possible advantages to higher ratios, how-
ever, such as: (l) a shorter flow path through the pebble bed, which
would give a lower coolant pressure drop and a lower pumping cost; (2) a
smaller pressure vessel diameter (but a greater height), which might result
in a capital cost saving; and (3) a larger interface between core and
blanket so that more neutrons would enter the blanket and give a greater
blanket conversion ratio. Therefore the effects of the height-to-diameter
ratios from 1.0 to 3.0 (at the same bed volume) were calculated for cores
with and without blanket regions. The optimum core burnﬁp was determined
for each set of conditions, and the resulting minimum costs were calcu-
lated.

For the cores with blanket regions, there was little change in the
fuel-cycle costs over the range studied. Likewise, there was little change
in the over-all conversion ratio. For the cores without blanket regions,
the fuel-cycle costs increased with the height-to-diameter ratio; however,
the increase was small below a ratio of 2.0.

Power Density. The fuel-cycle costs at the optimum core burnup are

given in Fig. 9.8 for each of several power densities. The minimum in
fuel-cycle costs occurs at a power density of about 7 w/cm3, and the opti-
mum power density is little affected by the unit processing cost assumed.

The size of the core and, hence, the capital cost of items related
to core size are inverse functions of power density. Therefore the power
density of 14 w/cm3 assumed for the other portions of this cost study may
be nearer to optimum with regard to power costs, even though it is twice
the optimum power density based on fuel-cycle costs alone.

Thé conversion ratio increases steeply as the power density is de-
creased. This increase results almost entirely from decreased parasitic
absorptions in U2, Np2?37, and Pa?33, as shown in Fig. 9.9.

Moderator-to-Fuel Ratio. The fuel-cycle costs at the optimum core

burnup for each of several moderator-to-fuel ratios are shown in Fig. 9.10. .

At a power density of 14 w/cm3, the initial estimate of the optimum
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carbon-to-uranium ratio in the core feed of about 3000 was somewhat low;

the optimum for a unit processing cost of $50 per kilogram of heavy metal

_is actually somewhat above 4000.

A number of cases were calculated at a power density of 7 w/cm3 to
investigate fhe interaction of power density with moderator-to-fuel ratio
at the optimum core burnup. These data are shown as dashed curves in
Fig. 9.10. The minimums shift toward higher carbon-to-uranium ratios at
the lower power density. There is a broad maximum in the conversion ratio
at a carbon-to-uranium ratio of about 6000 for a core burnup of 0.5 fifa
and elther power density.

Size of the Central Duct. Thelsize of the central duct was found to

have little effect on the fuel-cycle costs over the range of interest.
As the largest duct diameter (18 ft) studied was approached, the conver-
sion ratio decreased slightly and the fuel-cycle costs slightly increased.

Optimum Fuel-Cycle Cost. The optimum fuel-cycle cost (i.e., the .

costs at the optimum moderator-to-fuel ratio and core burnup) at a power
density of 14 w/cm3 based on $50 per kilogram of heavy metal as the most
probable unit processing cost was found to be 0.187 mill/kwhr (thermal).
This is about 12% less than the corresponding cost for a reactor ﬁifhout
a blanket. The optimum fuel-cycle cost at the optimum power density of
7 w/cm® was found to be 0.169 mill/kvwhr (thermal).

Economic Breeding

The foregoing fuel-cycle cost study showed that the optimum reactor
from an economic standpoint would have a conversion ratio somewhat greater
than 90%. An extension of this study was made to determine what condi-
tions might yield a breeder reactor with a minimum increase in fuel-cycle
costs.

The following conditionS,.which are favorable to a high conversion

ratio at little or no cost penalty, were selected:

Blanket burnup, % of thorium . 5.5
Power density, w/cm’ 7
Blanket thorium concentration, wt % 40
Carbon-to-fissile uranium atomic ratio in feed  ~6000 -
Inside diameter of central duct, ft - 8

Height-to-diameter ratio 1.0
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A series of cases was calculated for various core burnups, and, since the
conversion ratio is a function of core burnup, it was convenient to plot
the resulting fuel-cycle costs against the conversion ratio, as shown in
Fig. 9.11.

The solid curves give the nuclear conversion ratio, that is, the
ratio without recycle losses. As may be seen, a substantial breeding gain
is possible with little cost penalty for unit processing costs of the
order of $10 to $20 per kilogram of heavy metal. )

The dashed curves give the net conversion ratio based on recycle
losses of 0.3% of the fissile material, an arbitrary but reasonable as-
sumption. Breeding is possible under this assumption, but at a substan-
tial fuel-cycle cost penalty.

Processing Cost. - If the unit processing cost (which includes fabri-

cation) is reduced by a factor of 10 from $100 to $10, the optimum fuel-
cycle costs,.as shown in .Fig. 9.11, are reduced by a factor of 2, and the
corresponding ‘conversion ratio is. increased by 8% from 0.90 to 0.98; how-
ever, even for a zero unit . processing cost (but normal -  inventory charges
for material being processed), the conversion ratio is only 1.00 at the op-
timum fuel-cycle costs.. The major factor is the inventory charge on the:ex-
ternal inventory of. fuel, which imposes’an increasing economic .penalty at
the higher processing rates: required to: achieve increased breeding:ratios.

Blanket. In every core studied the use of a blanket resulted in
lower fuel-cycle costs and higher conversion ratios compared with the cor-
responding core without a blanket. Attempts to increase the over-all con-
version ratio by increasing the conversion in the blanket beyond that ob-
tained with a "minimum” blanket were not, however, successful. Increasing
the transport of neutrons from the core to the blanket by changing the
shape of the reactor (increasing the height-to-diameter ratio or the di-
ameter of the inner duct) did increase the conversion in the blanket but
at the cost of an even greater loss of conversion in the core. The ef-
fect on the blanket conversion of changing the core carbon-to-uranium
ratlo was negllglble '

The transport of neutrons to the blanket could be 1ncreased by lower-
ing the fuel element density or increasing the core v01d fractlon. These

factors were not, however, investigated in the present study.

'y

®



«

279

AVR Fuel Management Study

A. M. Perry R. 5. Carlsmith J. G. Delene

Various fuel management procedures are being studied for the first
core loading of the German pebble-bed reactor (AVR). The objective of
the study is to find a fuel composition that will give a high rate of |
burnup and, at the same time, be representative of fuel likely to be em-
ployed in full-scale power reactors of the pebble-bed type. The fuel
must also meet the requirement that there would be no reactivity rise in
the event of an accident in which steam entered the core.

The core consists essentially of a right circular cylinder, 300 cm
high and 300 cm in diameter, surrounded by a graphite reflector. The
core is filled with graphite spheres, 6 cm in diameter, some of which are
fueled. Criticality is maintained by varying the compositions of the
spheres in the core, and the four control rods are used only for shutdown.

The combined weight fraction of uranium and thorium in the'spheres
that contain fuel has been tentatively set at 5%. This is the lower
limit of the range which economic studies of full-scale pebble-bed reac-
tors indicate to be of interest; also, since this was to have been the
loading for the PBRE, the fuel testing program has to date produced more
information on this composition than on heavier loadings. The fraction
of the spheres to contain fuel in the initial loading has been tentatively
set at one-third. A lower tfueled fraction would result in higher tempera-
tures in.the fueled spheres, while a higher fraction would give a decreased
rate of burnup. Some calculations have been made with smaller loadings
in the fueled spheres or with smaller fueled fractions in order to de-
termine how much the burnup rate could be increased. The uranium enrich-
ment is to be 90%.

. Two basic methods of controlling reactivity during burnup are avail-
able. In the first, the initial uranium loading is made greater than
necessary for criticality (i.e., the thorium-to-uranium ratio is less than
that required for critiqality), and the excess reactivity is offset by
poisoning some of the nonfueled spheres. The poisoned spheres are then
gradually removed and replaced by graphite spheres as uranium burnup pro-

ceeds. The available lifetime for the fuel is determined by the thorium-
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to-uranium ratio, as indicated in Table 9.7. Spheres poisoned with tho-
rium, boron, and a rare earth mixture have been considered. If thorium
were used for the poisoned spheres in a core with fueled spheres with a
thorium-to-uranium ratio of 4.3, 67,000 poisoned spheres containing 5 wt %
thorium would be required, that is, all the unfueled spheres would be
poisoned. The same amount of poisoning would be obtained with only 1000
spheres containing 0.5 wt % boron or 560 spheres containing 0.5 wt %

Lindsay Mix (rare earth oxides).

Table 9.7. Effect of Thorium-to-Uranium Ratio on Fuel
Lifetime and Burnup

Case 1 Case 2 Case 3

" Initial thorium-to-uranium ratio 12.6 7.3 4.3
in fuel spheres
Fuel lifetime, days 0 268 727 .
Fuel burnup, Mwd/T 0 36,300 98,400

In the second method, a thorium-to-uranium ratio is chosen that makes
the reactor just critical when the desired initial fraction of spheres is
fueled. Reactivity is then maintained by inserting new fueled spheres
(of the same or different composition from the original fueled spheres)
in place cof nonfueled spheres or in place of fueled spheres. In the cases
calculated thus far, the spheres used to maintain criticality all con-
tained the uranium concentration of the original spheres but contained
either no thorium, one-half the thorium of the original spheres, or the
fulllthorium concentration of the original spheres. The results of these
calculations are presented in Table 9.8.

Calculations were also made for a combination of the two methods of
reactivity control in which poisoned sphere removal was followed by the
addition of more fueled spheres. The burnups achieved for thrée different
starting conditions are given in Table 9.9.

_The calculationsAwere performed with a one-dimensional diffusion-
theory model in 27 energy groups, that is, the MODRIC code with the Modburn

lifetime feature. 1In all cases where only one-sixth of the spheres were

Lo
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Table 9.8.

Reactivity Control by Fuel Addition

Calculated Fuel Characteristics at the End of
350 and 700 Days of Operation Based on Three Types of

Conditions
At 350 Days

Conditions
At 700 Days

Reactivity Control by Addition of Spheres Containing Original

Quantity of Uranium and No Thorium

- Number oi spheres initially fueled 1/3
Initial thorium-to-uranium ratio in 12.6
fueled spheres
Fuel burnup, Mwd/T 33,000
- Fraction of barren spheres rcplaced by 0.415
. fueled spheres
Nunber of spheres initially fueled 1/6
Initial thorium-to-uranium ratio in 7.6
. fueled spheres ’
Fuel burnup, Mwd/T 45,000
Fraction of barren spheres replaced by 0.152

fueled spheres

Reactivity Control by Addition of Spheres Containing
Original Quantity of Uranium and One-Half
the Original Quantity of Thorium

Number of spheres initially fueled 1/3
- Initial thorium-to-uranium ratio in 12.6
’ fueled spheres
Fuel burnup, Mwd/T 30,000
Fraction of barren spheres replaced by 0.552
- fueled spheres
Nunber of spheres initially fueled 1/6
Initial thorium-to-uraniuvm ratio in 7.6
fueled spheres
Fuel burnup, Mwd/T 45,200
Fraction of barren spheres replaced by 0.252

fueled spheres

Reactivity Control by Addition of Fueled Spheres
of Initial Composition

~—=- —— — ~ Number.of_ spheres. initially fueled 1/6
Initial thorium-to-uranium ratio in 7.6
fueled spheres
- Fuel burnup, Mwd/T 44,700
Fraction of barren spheres replaced by 0.294

fueled spheres

1/3
12.6

54,000
0.775

1/6
7.6

80,000
0.352

1/3
12.6

46,000
1.011

1/6
7.6

75,700
0.466

1/6

7.6

70,700
0.556
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Table 2.9. Calculated Fuel Characteristics for Three Starting
Conditions RBased on Reactivity Control by Poiscned Sphere -
Removal Followed by Uranium Addition

Case 1 Case 2 Case 3

Number of spheres initially fueled 1/3 1/3 1/4
Initial thorium-to-uranium ratio in 9.4% 7.8 5.5
fueled spheres
Percentage of unfueled spheres ini- 0.30 0.54 0.62 N
tially poisoned®
Maximum rate of poisoned sphere re- 4.9 3.5 3.6
moval, spheres per day "
Maximum rate of uranium addition, 53.4 45.8 35.8 -
spheres per day
Operating time to boron burnout, days 82 195 249
Fuel burnup at time of boron burnout, 11,100 26,400 44,800 -
Mwd, /T
Total fuel lifetime, days 700 700 700
Total fuel burnup, Mwd/T 66,100 75,500 101,500

Fraction of barren spheres replaced 0.479 0.336 0.206
with fueled spheres

®Poisoned spheres contain 0.5 wt % boron.

fueled initially, the reactor was assumed to operate 1lnitially at one-
half of full power so that the average power density in the fueled spheres
would not exceed the average rating of 1.4 kw per sphere. The fuel burnup
values in the tables are for the initial fuel loading only. )

A comparison of the results for cores with one-third of the spheres
fueled indicates that greater burnup can be obtained if poison removal is
used; however, the thorium-to-uranium ratios necessary to obtain a full
two years of lifetime using poison removal give a positive stcam reac-
tivity coefficient. Further calculations indicated that no reactivity

rise would result from the addition of any amount of steam if the Lhorium-

to-uranium ratio was at least 7.8 for a hot core and at least 9.4 for a
cold core when one-third of the spheres were fueled. If one-fourth of
the spheres were fueled, the minimum thorium-to-uranium ratio would be

5.5 for a hot core.
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The fuel compositions that would give a zero steam coefficient with
a hot core were investigated further. Since with these thorium-to-
uranium ratios the removal of poison would not by itself give two years
of lifetime, a combination of removal of poison followed by an addition
of fuel would be required. Boron was used as the initial poison. When
all the boronated spheres had been removed, spheres containing only ura-
nium would be added to maintain criticality. The results of these cal-
culations are presented in Table 9.9. (The reactor here was assumed to
operate at full power even when less than one-third of the spheres were
fueled, since the results obtained apply equally well to a case with one-

third of the spheres fueled with a composition of 3.75 wt % uranium plus

thorium. )
Analyses of Nozzle-to-Shell Attachments .
B. L. Greenstreet R. L. Maxwell ’
One of the basic problems associated with pressure vessel design is | <

the design of nozzle attachments. 1In the case of spherical shells, the
theoretical analysis of single radially attached nozzles is now in the .-
development stage. Theoretical methods for examining nozzles that are '
nonradially attached (hillside nozzles) do not exist, however, and defini-
tive experimental results are needed before methods now being considered
can be evaluated.

In order to obtain the required data, an experimental program is be-
ing conducted to examine the stress distributions around both radially
and nonradidlly attached nozzles in test models made of steel and instru-
mented with strain gages. Attachment angles of O, 15, 30, and 45 deg are
being investigated. Other parameters are nozzle diameter and thickness
and the influence of internal nozzle stubs. The models are being sub-
jected to axial, moment, and transverse (or normal) loads on the nozzles
and to internal pressures. The results will be used for making design
correlations aﬁd_for-Eompérison.with“étfesgés'Eéléhiatéd from existihg-
theories for radially attached nonzles,

In the test program, single nozzles will be sequentially attached

to a hemispherical shell. The nozzles are divided into series according
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to outside diameter, and the nozzles in each series will be tested at all
attachment angles before a new series is started. The dimensions of the

nozzles are given in Table 9.10, where

Lo = length of external nozzle, in.

Li = maximum length of internal stub, in.
a = radius to middle of nozzle wall, in,
h = thickness of nozzle wall, in.

t = thickness of hemispherical shell, in.

a3
1]

radius to middle of hemispherical shell, in.

B = inverse of characteristic length of nozzle
[3(1 - vz)]1/4
- 2
a?h?

BL = dimensionless length,of nozzle,

v = Poisson's ratio.

The radius and thicknessiéf.the hemispherical shell are given in the head-
ing of Table 9.10. As may be seen, the common factors of the test series

are the radius-to-thickness ratios.

Table 9.10. Nozzle Dimensions for Test Series I, II, and IIIX
with r =°'15.254 in. and t = 0.375 in.2

. Outside
Test L. Diameter
Series o (%) a h of Nozzle a/o t/n r/a P BL
(in.)

I 4 4 1.188 0.25 2.625 4,75 1.5 12.85 2.35 9.4 .
4 4 1.25 0.125 2.625 10.0 3.0 12.20 3.24 12.96
4 4 1.281 0.0625 2.625 20.5 6.0 11.91 4.55 18.20
II 6 6 2.5 0.25 5.25 - 10.0 1.5 6.10 1.618 9.71
6 6 2.563 0.125 5.25  20.5 3.0 5.95 2.315 13.89
I1T 10 10 -3.75 0.375 7.875 10.0 1.0 4.07 1.078 10.78
10 10 3.844 0.1875 7.875 20.5 2.0 3.97 1.964 19.64

%5ece text for definition of terms.

ber a nonradially attached nozzle, this dimension will have to be
reduced. ' i

3
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The model with the first radial nozzle described in Table 9.10 was
fabricated and instrumented, and tests were completed for an internal
pressure load and an axial load on the nozzle. The remaining loads to
be applied to the model with this nozzle configuration are a pure bending
moment, a side force, and a torque on the nozzle.

Strain gages of l/8-in. gage length were mounted in identical posi-
tions along meridional lines 180 deg apart on the nozzle and shell. In
this way, duplicate readings were obtained for each gage positicn. A 90-
deg, two-gage rosette, with the gages aligned in the principal stress
directions, was used at each position. Corresponding gages were placed
on the outer and inner surfaces. The gages inside the model were posi-
tioned radially opposite those on the outside. The gages on the inside
make it possible to separate the total stresses into bending and membrane
components. Additional instrumentation will be installed for the three
remaining tests.

The model and the associated test equipment are shown in Fig. 9.12,
and curves of the total principal stresses on the outer surfaces of the

shell and nozzle are presented in Figs. 9.13 through 9.16. Figures 9.13
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PHOTO 39497

oo . .00

@
e

.
.
.
.
.
.

Fig. 9.12. Test Model and Equipment for Obtaining Experimental Data
oin Slress Dislribullons Around Nozzle-to-sShell Attachments.
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and 9.14 are for an internal pressure loading and Figs. 9.15 and 9.16 are
for an axial loading on the nozzle. The points on the curves are data
points corresponding to gage locations.

The data of Figs. 9.13 through 9.16 indicated that additional gages

were required in the immediate vicinity of the nozzle-to-shell Jjunction

UNCLASSIFIED
ORNL-LR-DWG 78119A
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Fig. 9.13. Total Stresses in Meridional and Axial Directions on
Outer Surfaces of Shell and Nozzle Under Internal Pressure Loading of
400 psi.
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before the peak stresses could be adequately determined from the experi-

mental data alone. Therefore additional strain gages with a gage length

of 1/32 in. have been installed on the outer surfaces at the junction.
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Fig. 2V Tolal Stresses in Farallel or Circumtferential Directions

on Quter Surfaces of Shell and Nozzle Under an Internal Pressure Loading
of 400 psi.
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Outer Surfaces of Shell and Nozzle Under an Axial Load on the Nozzle of
6000 1b.
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Neutron Captures in Second- and Higher-Generation
Fission-Product Poisons

A. M. Perry W. E. Thomas R. 8. Carlsmith

It has been recognized for many years (see for example ref. 9) that
neutron capture in fission-product poisons may produce other nuclides
having appreciable neutron capture cross sections and that, as a conse-
quence, the total poisoning effect of fission fragments and their products
may significantly exceed that which would be expected from the primary
fission-product poisons. Interest in the problem of allowing correctly
for this effect has increased with the interest in reactors having the
potential for large fractional burnup of the fuel, such as fueled-
graphite gas-cooled reactors. In order to establish the magnitude of
the contribution of secondary poisons to the total neutron capture rate
under conditions of interest to the gas-cooled reactor program, a study
was performed in which the individual contribution of each nuclide in the
group ranging from Nat45 to Eu;55, both to the primary and to the secondary
fission-product poisoning, was calculated and recorded.

The chain studied is depicted below:

(n,7) (n,7) B~

Nﬂl45__> NG 146 . Ndl47 > Pml47

Pml Z8m

18 (n, 7% \
Pml 47 Pml 48
\ (n,k
—_— Sml 4

(n,7) (n,7) (n,7)
1

p
Pml 49 Sml49 Sml 52

(n,7) B (n,7) (n,7) (n,7)
Sml 52 Sml 53 Eul 53 Eul 54 Eul 55

B e
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This group of nuclides was selected because it accounts for roughly one-
half the total poisoning (exclusive of Xe135) and is expected to con-
tribute a large portion of the secondary poisoning.

In this study, primary poisons were defined as those produced di-
rectly from fission or by one or more beta decays from a primary fission
fragment. Seéondary poisons were defined as those produced by neutron
capture in a nuclide which might itself be either a primary or a secondary
poison or by beta decay of a secondary poison; that is, secondary poisons
were considered to be those derived from primary poisons by one or more
neutron captures. It was considered that a given nuclide could be both
a primary and a secondary poison. The poisoning effect of the nuclide
chain depicted above was defined as the neutron capture rate in these
nuclides divided by the neutron capture rate in fissile material averaged
over the life of the fuel. This quantity was computed as a function of
neutron spectrum, fuel specific power, and fractional fuel burnup (ex-
pressed in fissions per initial fissile atom, or fifa). Calculations
were made for both UR35 and U?33 fuel and on either of two assumptions
regarding fuel concentration, namely, that fissile material was replaced
at a rate equal to the burnup rate or that it was replaced at a rate equal
to 40% of the initial burnup rate. The flux was kept constant,

The calculations were performed with the aid of the computer code
NUCY:O (programmed for the IBM 7090 computer), which provides simultaneous

solutions of the equations

where Ni ig the concentration of the ith nuclide, si is a source term
involving direct yield from fission or production from a precursor by
beta decay or by neutron capture, and ai is the destruction probability

involving decay, neutron capture, or both. Results of the calculations

?3. B. Sampson et al., "Poisoning in Thermal Reactors Due to Stable
Fission Products," USAEC Report KAPL-1226, Knolls Atomic Power Laboratory,
Oct. 4, 1954,

10p, R. Vondy, "Development of a General Method of Explicit Solution
to the Nuclide Chain Equations for Digital Machine Calculations,' USAEC
Report ORNL-TM-361, Oak Ridge National Laboratory, Oct. 17, 1962.
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are summarized in Table 9.11, where the spectral index is the fraction

of fissions produced by epithermal neutrons, the specific power is given
in megawatts of heat per kilogram of fissile material, and the fuel re-
placement rate is given as an initial conversion ratio, although it should
be understood that the replacement fuel is the same as burned fuel, that
is, U?3% is replaced with U?3% and U?33 is replaced with U?33,

It.is to be noted again that the poison fractions given are averaged
over the fuel life. They are thus not terminal values but are more rep-
resentative of the average performance at any time in a reactor fueled by
continuous fuel charge and discharge (uniform graded-exposure fuel dis-
tribution). The details of these calculations, which show the captures
in individual nuclides for all cases, will be published in a separate re-
port, but the data given in Table 9.1l are sufficient to demonstrate the
significance of the secondary captures and to illustrate their dependence

on key reactor parameters.

Fast-Neutron Flux Monitors

A, M. Perry C. A. Preskitt

A number of authors have studied the use of foil activation for the
measurement of neutron fluxes in the Mev energy range. A recent article
by Passell and Heath'! summarizes much of the available information. In
most applications of this technique, some means is used to define an ef-
fective threshold and an associated effective cross section in such a way
that the activation may be assumed to integrate the flux above the effec-
tive threshold.

In nearly every case the reactions are not, strictly speaking, thresh-
old reactions at all; that is, the (n,p) reactions commonly used for this
purpose nearly all have positive @ values so that the reaction takes place
even for zero-energy neutrons. The reaction cross section is, neverthe-
less, a stéeply rising function of neutron energy because of the coulomb

barrier of the nuclear charge to the escaping protons. Various methods

117, 0. Passell and R. L. Heath, "Cross Sections of Threshold Re-
actions for Fission Neutrons: Nickel as a Fast Flux Monitor," Nucl. Sci.
Eng., 10(4): 308-315 (August 1961).
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Table 9.11. Poison Fractions for Nuclides from Ndl45 to Eul?”

Fraction of Initial Specific Fuel Poison Fraction Pii:ggga:g

Fuel  Epithermal Conversion Power Burnup

s X R Total Secondary  Percentage of
Fissious Ratio (4 /xe) (fifa) Poisons Poisons Total Poisons
X 1074 X 10-%

U233 0.1 1.0 1.0 0.5 294 71 24.3
0.1 1.0 1.0 1.0 446 144 32.4
0.1 1.0 1.0 1.5 569 213 37.4 -
0.1 0.4 1.0 0.5 333 91 27.2
0.1 0.4 . 1.0 1.0 589 226 38.4
0.1 0.4 1.0 1.5° 850 | 390 45.9
0.3 1.0 0.5 0.5 413 122 29.7
0.3 1.0 0.5 1.0 614 - 231 37.6
0.3 1.0 0.5 1.5 771 327 42.0
0.3 1.0 1.0 0.5 434 138 31.8
0.3 1.0 1.0 1.0 655 258 39:4
9.3 1.0 1.0 1.5 825 364 4,2
0.3 1.0 2.0 0.5 442 147 33.2
0.3 1.0 2.0 1.0 681 279 40.9
0.3 1.0 2.0 1.5 863 394 45,6
0.3 0.4 0.5 0.5 474 155 32.7
0.3 0.4 0.5 1.0 796 339 42.5
0.3 0.4 0.5 1.5 1130 571 50.5
0.3 0.4 1.0 0.5 499 173 34.17
0.3 0.4 1.0 1.0 859 388 45.1
0.3 0.4 1.0 1.5 1197 623 52.0
0.3 0.4 2.0 0.5 509 183 36.0 -
0.3 0.4 2.0 1.0 881 414 47.0
0.3 0.4 2.0 1.5 1247 665 53.3

y233 0.3 1.0 0.5 0.5 206 20.9
0.3 1.0 0.5 1.0 305 28.4
0.3 1.0 0.5 1.5 386 33.4
0.3 1.0 1.0 0.5 218 23.4
0.3 1.0 1.0 1.0 329 30.7
0.3 1.0 1.0 1.5 418 35.1
0.3 1.0 2.0 0.5 226 25.2
0.3 1.0 2.0 1.0 345 3.6
0.3 1.0 2.0 1.5 445 37.0
0.3 0.4 0.5 0.5 231 23.6
0.3 0.4 0.5 1.0 399 34.2
n.2 0.+ 0.5 1.5 574 ' 41.5
0.3 0.4 1.0 0.5 245 26.0
0.2 0.4 1.0 1.0 430 36.1
0.3 0.4 1.0 1.5 618 43.0
0.3 0.4 2.0 0.5 255 27.8
0.3 0.4 2.0 1.0 452 37.7
0.3 0.4 2.0 1.5 650 bbb
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have been used in the past to define an effective threshold energy, but
none of these have been based directly on the intended application to flux
monitoring.

If the neutron energy spectrum is known for some case, an effective

cross section can be defined for any threshold energy, Eo’ as

. (E ) = total reaction rate
eff o integrated flux above Eo '

I

Mathematically this definition may be written as

>}

fo o(E) ¢(E) aE

cTeff(Eo) =

foo ¢(E) aE
Eo

where ¢(E) is the energy dependence of the neutron flux spectrum and U(E)
that of the cross section in question. The numerator of this equation is
the total reaction rate and may be determined, for example, from the in-
tensity of some activity resulting from the reaction. For any value of
EO, this cross section will obviously depend on the shape of the neutron
energy spectrum, and if flux monitoring is the objective, a reasonable
choice of Eo is the value that results in as nearly as possible the same
value of Ueff(Eo) for a range of differing spectra.

The basis given above for determining the effective threshold and
effective cross section was applied to the (n,p) reactions for Ni%8 ang

S22 and to the fission of Np237.

These cross sections were analyzed in
spectra cpmputed\by the GAM-I codel? for the cores of typical water-mode-
rated test reactors (ORR, CETR) and the corc of a graphite reactor (EGCR).
The method is illustrated for‘the case of Np237 fission in Fig. 9.17. The
expression given above for Geff‘Eo) is evaluated as a function of EO for

the two speétra and the intersection of the two curves defines the value

12G. D. Joanou and J. S. Dudek, "GAM-I: A Consistent P; Multigroup
Code for the Calculation of Fast Neutron Spectra and Multigroup Constants,”
USAEC Report GA-1850, General Atomic, June 28, 1961.

2
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Fig. 9.17. Determination of Effective Threshold and Effective T'is-
sion Cross Section for the Np?37(n,f)FP Reaction.

of Eo for which the monitoring will be exact for both spectra. The cross
section data used for this example were obtained from Hughes and Schwartz. i3
The relatively low energy (0.66 Mev) of the eflfective threshold for
the fission of Np237 has led to its freguent use as a fast-neutron moni-
tor lor irradiation experiments. Since the decay of selected fission pro-
ducts is used to determine the number of Np237 fissions which have oc-
curred, it is of interest to estimate their yield from the other fission
reactions that may take pluce. Specifically, since Np237 has a large cab-
ture cross section for low-energy neutronc, the yield from the following

chain was calculated for a typical irradiation in the ORR:

13D, J. Hughes and R. B. Schwartz, Neutron Cross Sections, USAEC
Report BNL-325, Brookhaven National Laboratory, July 1, 1958.
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p237(n, 7 )Wp=?%(2.1a B7)Pu?8(n,, 7 )Pu??®(n,_,7)Pu240

(nf,f) (nt,f> (n,, ) (n, 1)
'Ba140 Ba140 Bal40 Ba140
La140 Lal40 L£140 Lillfo

The symbol nt represents a reaction by predominantly low-energy neutrons,

The calculations
were performed with the NUCY program for the IBM-7090 computer,l# A ‘ -

and N represents one by predominantly fast neutrons.

The Bal%® concentrations resulting from the four fission reactions
shown above are given in Table 9.12. The conventional, or 2200 m/s, flux
was taken to be 1 X 1014 neutrons/cmZ-sec, and the flux integrated above
the effective Np237 fission threshold was taken to be 1.8 X 10*%., All
other constants used in the calculation are given in Table 9.13. In some

cases the cross sections were chosen with only a superficial examination

14D, R. Vondy, "Development of a General Method of Explicit Solution
to the Nuclide Chain Equations for Digital Machine Calculations," USAEC
Report ORNL-TM-361, Oak Ridge National Laboratory, Oct. 17, 1962.

Table 9.12. Bal40 Concentrations Resulting

from Fission Reactions

Ratio of Bal“4C Concentration to
Initial Np237 Concentration

Source of Bal40

Irradiation Time (days)

5 30 100
Np237 7.0 x 107® 2.3 x 107° 2.6 x 1077
Np?38 8.3 X 1076 4.9 x107° 5.8 x 1075
pu?38 5.5 X 108 2.8 x 10-% 1.4 x 10~
Pu?3? 1.5 x 108 5.2 x 10-® 9.2 x 10~5
Ratio of Bal4? from Np?37 to 0.46 0.29 0.14%

total Ba140

it
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Table 9.13. Cross Sections and Other Constants
Used in Calculation of Np2?37 Chain

. a
Cross Sections (barns) \, Decay Constant

Isotope (sec‘l)
U2a ng Gla Glf

Np237 169 0 1.48 1.48 0
np?38 1600 1600 O . 0 3.83 x 10-8
Pul38 403 16.8 0 0 0
py23? 1400 1000 O 0 0
Bal40 (b) O 0 0 0 6.24 x 1077
Lal4% (¢) O 0 0 0 0

aThe subscripts have the following meanings: f =
fission, a = absorption, 1 = energy interval above an
effective Np?37 fission threshold of O.66 Mev, 2 = con-
ventional, or 2200 m/s, flux.

bTotal fission yield taken to be 0.06 for all fis-
silonable isotopes. ,

C’I‘his isotope included as a dummy stable element to
retain information on number of Bal40 decays.

of the appropriaté averages, but the results are not grossly affected by
these approximations.

After a five-day irraediallon at the assumed flux levels, the activity
from Np?27 fission is less than half thc total Bal*0 activity of the sam-
ple. After a 100-day ilrradiation, this activity is only one-seventh of
the total Bal49 activity.

These results illustrate the difficulty encountered in the use of
bare neptunium samples in the‘prescnce of a high thermal flux. The cal-
culations. are presently being extended to Qetermine (1) the production
of fissionable Pu?3? by the chain Np?28(n,y)Np?3°(p~)Pu?3°, (2) the ef-
fect of the use of cadmium covers, and (3) the effects of other assumed

values for the flux levels.
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10. EXPERIMENTAL INVESTIGATIONS OF HEAT_TRANSFER AND FLUID FLOW

me——

H. W. Hoffman G. Samuels

Resistance-Heated-Tube Heat-Transfer Experiment

G. J. Kidd, Jr.

The constants in the correlating equation describing the dependence

of the Nusselt modulus on the Reynolds modulus and the axial position,®

as developed from data obtained with the model-4 heat-transfer apparatus,2

have been redetermined using all available data. The resulting equation
is ’

_ 0.77 -0.15
NNuJX 0.041 (NRe’X) (x/de) ,

/de‘é 25 ()

5 €x
< <
38,000 NRe X 63,000

2

for

In this equation, NNu,x

is the local Nusselt modulus and NRe,x’ the local
Reynolds modulus. The axial position, X/de’ is measured by the number of
channel diameters from the nearcst upstream obstruction. For the inlet
section of the cluster, this is taken as the distance from the downstream
edge of the end spider; in the second section, the zero position corre-
sponds to the downstream edge of the mid-cluster spacer (x/de = 23).

The constants in Eq. (1) were developed as follows:

1. The x/de variation was established by correlation with the local
Nusselt modulus at the mean N_ for the channel.

Re .

2. The NRe variation was determined next by correlation with values

of Lhe local Nusselt modulus at each~x/de position.

1g. J. Kidd, Jr., Resistance-Heated-Tube Heat Transfer Experiment,
pp. 404—414, "GCRP Semiann. Prog. Rep. Sept. 30, 1962," USAEC Report
ORNL-3372, Oak Ridge National Laboratory.

2W. J. Stelzman, Resistance-Heated-Tube Heat Transfcr Experiment,
pp. 63—68, "GCRP Quar. Prog. Rep. June 30, 1961," USAEC Report ORNL-3166,
Oak Ridge National Laboratory.

i g
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3. The multiplying constant was taken as the arithmetic mean of
the values obtained from the correlation of step 2.

Equation (1) describes the heat transfer for all seven tubes of the
cluster, with one or both clusters healed, at all relative cluster orien-
tations. The error in prediction, based on the measured values, was found

to range from +6 to —8%.

Roughened-Surface Pressure Drop

G. J. Kidd, Jz,. J. L. Wantland

The effects of surface roughness on the pressure-loss coefficients
in clusters of long rods are being studied in a series of experiments for
establishing (1) the performance of modified EGCR-type clusters and (2)
the characteristics of clusters of advanced design.

For the first type of investigation, the apparatus consists of two
seven-rod clusters arranged in series within a 3-in.-ID Plexiglas channel.
Each cluster is constructed from approximately 52-in.-long, 0.75-in.-0D
rods located at a 2-in. bolt-circle diameter (2:1 ligament-ratio spacing).
In order to emphasize the effects of surface roughness in contrast with
other int'luences, the cluster length is 33% more than that of an EGCR
element and the mid-cluster spacer has been omitted. The resulting unin-
terrupted flow-path is X/de = 85; whereas, for the EGCR fuel element,
the free-passage length is’only 22 diameters. The downstream cluster is
instrumented with five equally spaced piezometer rings to provide for
studying flow development. The working fluid is dry air at approximately
room temperature., The roughened rod surfaces to be examined are shown
in Fig. 10.1. The upper surface shown has Whitworth threads at 32 threads
per inch with a root diameter of 0.75 in.; the lower surface is a 0.75-
in.-0D rod spirally wrapped with 0.006-in.~diam wire at a pitch spacing
of 0. 060 in,

Smooth surlfaces were studied in this apparatus with air flow in the
Reynolds modulus range from 20,000 to 80,000, and the friction factors
for the inlet cluster were found to be consistently lower than those for

the second cluster. This suggests a rather sensitive dependence on the
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Fig. 10.1. Magnified Scctions of Roughened-Surface Rods. Upper,
32 Whitworth threads per inch; lower, spirally wound 0.006-in.-diam wire
at 0.060-in. pitch.

inlet geometry. Data for the axial variation of the friction factor in
the downstream cluster showed an unexpectedly large scatter; Lhis has
been attributed to uncontrolled oscillation in the flow. This situation
will be corrected before continuing with further tests.

The second typc of study was designed to provide information needed
in the development of advanced clad fuel elements. The effect of roughen-
ing the surface, lengthening the cluster to eliminate a number of end
spiders, and introducing additional spacers at the original positions of
the end spiders were investigated. The apparatus assembled for this study
consisted of a single seven-rod cluster fabricated from 72 l/4-in.-long,

0.8-in.-0D rods, with a 2:1 ligament-ratio spacing (2.667-in. bolt-circle
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' diameter, 4-in.-ID channel). Spacers of the EGCR type3 were attached to

the rods at 14 l/2-in. intervals, giving five cluster sections. Static
pressure taps were located at the mid-points of the third and fifth sec-
tions,

Pressure-loss coefficients were determined over a Reynolds modulus
range from 2000 to 200,000 for bare rods and for rods spirally wrapped
with 0.006-in.-diam wire on a 0.036-in. pitch (pitch-to-height ratio of
6:1). The pressure-loss coefficients, KJCJ per section are shown in Fig.

10.2; Kt>is defined by the equation,

K, =K+ f %— ) (2)

where Kq is the loss coefficient associated with one cluster spacer, fB is

the Blasius friction factor, L is the section length, and de is the cluster
equivalent diameter. At low NRe’ approaching laminar flow, both surfaces

exhibit similar characteristics; at higher N the roughened surface pro-

Re’

duces greater pressure-loss coefficients. For NRe > 105, Kt for the wire-

wrapped surface is approximately twice that for the smooth-tube cluster.

30ak Ridge National Laboratory, "GCRP Quar. Prog. Rep. March 31,
1960, " USAEC Report ORNL-2929, Fig. 2.1, p. 17.
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Interrupted-Surface Heat-Transfer Experiment

J. L. Wantland

Assembly work on apparatus for the study of heat transfer from rough
surfaces%s® was continued. The device for inserting, spacing, and remov-
ing the interrupter rings was completed, and operational tests indicated
satisfactory performance. A Borescope was optically modified to provide
a means for visually inspecting the placement of the wire rings, both be-
fore and during operation, and thus it will be possible to check for any
shifting of the rings at frequent intervals.

Surface temperatures are to be indicated by a digital read-out volt-
meter with axial traversing accomplished by a solid-state switching de-
vice. Malfunctions in the latter unit have occasioned considerable delay.
A 16-mm motion-picture camera that is capable of single-frame exposures
will photographically record the emf displayed by the voltmeter along with
the thermocouple location number. Synchronous-motor-operated cam switches
will advance the switching unit in single steps and, after voltmeter bal-
ancing, activate a triggering solenoid that will move the film one frame

and actuate the camera shutter.

Mass Transfer in Clusters of Roughened—Surfdce Rods

J. L. Wantland

Experimental difficulties, the correction of which would require ex-
tensive redesign and modification of the existing apparatus, prompted ter-
mination of this study of the charactefistics of roughened surfaces as
determined by a naphthalene mass-transfer technique. Specifically, it was
found that with the present system the time involved in insertion and re-

moval of the active rod was of the order of the exposure time. Thus a

43. L. Wantland, Interrupted-Surface Heat-Transfer Experiment, pp.
245246, "GCRP Quar. Prog. Rep. Dec. 31, 1961," USAEC Report ORNL-3254,
Oak Ridge National Laboratory.

57, L. Wantland, Interrupted-Surface Heat-Transfer Experiment, pp.
425—426, "GCCRP Semiann. Prog. Rep. Sept. 30, 1962," USAEC Report ORNL-3372,
Oak Ridge National Laboratory. : )
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significant error was introduced into the data. At a Reynolds modulus

of 85,000, and with all other controllable factors equal, apparent mass-
transfer j-factors varied from 0.0037 to 0.0048 for experiments with
smooth surfaces. Using the wire-wrapped configuration, where the exposurc
times must be severely restricted in order to avoid collapse of the wire
coil because of loss of support through excess mass removal, the data

scatter would be even greater.

Annulus Flow Experiments

R. 5. Holcomb F. E. Lynch

An experimental facility was placed in operation that was designed
to provide data for determining the friction factor and the heat transfer
coefficient of air in an annulus with a roughened inner surface and a
smooth outer surface. The apparatus consists of an inlet and an exit .
plenum flanged to a sleeve. These components are made of stainless steel.: - ;
Six sleeves have been fabricated that range in inside diameter from 1.27
to 2.5 in. Threc static pressure taps are located 120° apart, 10, 16, 22,
and 28 in. from the inlet cnd of Lhe sleeve. Two velocity probe stations‘, 1
are located 180° apart, 13, 16, and 19 in. from the inlet end. Three
screws for centering the inner rod are located 2 and 31 1/2 in. from the , . i
inlet end. The plenums have insulated sealing flanges to allow heated
tibes 0.75, 0.875, and 1 in. in diameter to extend through the plenums to
make electrical and thermocouple connections.

The air flow 1s measured with sharp-edged orifice plates of three
dilfferent orifice diameters in a 2-in.-~diam orifice run. The crifice pres-
sure drop is read on a water micromanometer with a range of O to 40 in. of
water with 0.001-in. scale divisions. The test-section pressure drop is
measured between a piezometer ring connecting the three taps at 10 in. and
a ring connecting the three taps at 28 in. and is read on a watcr micro-
manometer or U-tube mercury manometer, depending on the Reynolds number.

The air temperature is measured just below the orifice run and in the inlet
and gxit plenums with exposed-junction Chromel vs Alumel thermocouples

made of 0.010-in,-wire. The thermocouple emf can be read on a potentiometer

or on a strip-chart temperature recorder.
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Pressure drop tests were completed on solid stainless steel rods
0.75 in. in diameter inside the 1.272-in.-ID sleeve. A smooth inner rod ~
and rods wrapped with 0.0113-in.-diam wire with the following pitches
were tested: 0.0385, 0.0769, 0.125, 0.182, and 0.286 in. The wire was
wound over a 24-in. length and spot welded at the ends, and it was wound
tightly enough that it was undisturbed by the air flow. The inlet end
of the rod was placed at the sleeve inlet flaﬁge, and the pressure drop
was measured over an 18-in. length of roughened surface preceded by 5-in. !
of smooth surface and 3-in. of roughened surface,.
The Fanning friction factor was calculuted for the annwlus from the

measured flow and pressure drop by the equation kd

2fG°L G2 P, M

- — 1 — - — (% - %)
gde g P, 2RT )
where
f = Fanning friction factor,
G = mass velocity,
L = length of test section,
g = gravitational constant,
d_ = annulus equivalent diameter, v

Py = upstream static pressure,
P, = downstream static pressure,

M = molecular weight,

R = absolute temperature.

The annulus equivalent diameter was taken as the inside diameter of the
outer gleeve minus the diameter of the smooth rod. This equivalent diame-
ter was uscd Tor the wire-wound rods as well as the smooth rod.

The friction factors for the six surfaces tested are plotted versus
Reynolds number in Fig. 10.3. The smooth annulus curve shows completion
of the transition to the turbulent flow at a Reynolds number of about 5000.

The slope of the curve for the smooth annulus increases with Reynolds num-

0

ber from 5000 to 30,000 and then remains fairly constant. The curves for

the rough annuli approach the smooth curve at a Reynolds number of 2000,

14



Y.

305

UNCLASSIFIED
ORNL—DWG 63-274

0.04

0.02 n\h

-€8.%_a

3

pa &
\\t\ _e-2-0— o _W—%:;:'o‘o‘-ho.om-c >
N e -M-A-A—-‘_‘_‘_ °~°~o.o_9_‘5%vo [9/0-0-0.9.0.
\QQE:‘:_‘._ a— a0 8B T TR ATAL O ETTON - BesEst
[] l—%ﬁmm A-AA-Ady L ea.

0.0 i —
% . N— uifis Nl
Q 0.008 oo
E - \D\T)\O
g 0.006 - =
-
Q
x
w

ot

0.004 o

e 0.0769-in WIRE SPACING
o 0.125-in. WIRE SPACING
4 0.482-in. WIRE SPACING

0.002 & 0.0385-in. WIRE SPACING
&  0.286-in. WIRE SPACING
o SMOOTH INNER SURFACE

0.004 ’

103 2 5 104 2 5 10° 2 5x40°

REYNOLDS NUMBER

Fig., 10.3. Friction Factor Versus Reynolds Number for Air Flowing
in Annulus Formed by 0.75-in.-diam Rods Inside 1.272-in.-ID Sleeves.
Inner rod was smooth or wrapped with 0.0113-in, ~diam wire at the spac-
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except for the rod wrapped at a 0.0385-in. pitch. The difficulty here
probably lies in the choice of the equivalent diameter used to calculate
the friction factor. If Lhe equivalent diameter were defined as the
sleeve inside diameter minus -the diameter of the cylinder passing tangent
to the wire on the inner rod, the friction factor would bebreduced about
10%. This would be more realistic as the pitch becomes so tight that the
gas cannol flow along the rod surface. If applied to the 0.0385-in. pitch
curve, the redefined equivalent diameter would lower the friction factor
so that it would apprcach that for the smooth-surface curve in the lami-
nar regime,

The friction factor goes through a maximum as a function of piteh

at constant Reynolds number. This is seen-to be necessary, since the

wire-wound surface approaches a smooth surface as the coils get closer
together or become very far apart. The wire wrapped at a 0.076-in. pitch

had thc maximum value of the Tive wires tested.
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Heat Transfer and Fluid Flow in Packed-Sphere Beds

H. W. Hoffman

Hot-Spot Factors (D. G. Thomas)

Common usage in the reactor literature assigns the name "hot-channel
hot-spot factors" to the safety factors in the design that account for un-
known or inaccurate values of design parameters. These factors are usuvally
applied to the average values for the hottest channels to obtain the maxi-
mum safe operating temperature. In making detailed calculations, some of
the factors relate to the over=-all temperature rise through the reactor,
AT, while others are used with the local film temperature rise, At. For
a prismatic fuel-element geometry, the hot-spot factors related to over-
all and film temperatures most probably apply in the same channel. In
contrast, for a geometry in which the fuel is contained in randomly dis-
tributed spheres, the maximum over-all temperature rise and the maximum
film-temperature rise will not necessarily occur at the same radial loca-
tion. This latter situation results because the maximum value of the
film-temperature drop may be associated with local clusters which, in
regions away from the wall, are randomly distributed through the bed and
are not necessarily coincident with the maximum axial-temperature-rise
location. The worst possible case in a packed bed occurs for a cluster
at the radial position of the maximum over-all temperature rise.

Once individuval hot-spot factors have been evaluated from estimated
accuracies of design and fabrication procedures, it is neccseary to de-
termine the probability of the occurrence of'such events in order to ob-
tain realistic values for the over-all hot—spot'factor.6 The determina-
tion of these probabilities can be accomplished in most cases in the same
manner as for other reactors; that is, by estimating the uncertainties in
the heat-transfer, pfessure-drop, and flow-rate expressions used in the
design. An added complication, of course, is the effect of the random ar-

rangement of spheres in the packed bed and the fact that this arrangement

6F. H. Abernathy, "The Statistical Aspects of Nuclear Reactor Fuel
Element Temperature,' USAEC Report ORNL CF-60-7-31, Oak Ridge National
Laboratory, July 13, 1960. ’

L
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changes with time as fuel is added and withdrawn from the reactor. The

factors to be considered in the hot-spot analysis and the temperature

rise with which each is associated are listed in Table 10.1. This table

Table 10.1. Hot-Spot Factors Affecting Packed-Bed
Nuclear Reactor Design

- To Be Typical Hot-Spot
- Applied to Factors®
Axial Film s
AT At Value Probability
¥ Floy distribution
Clustering X  1.5° (1075)¢
Velocity profile
Mean X 1.054
Entrance region X 1.054
Exit region x  1.054
Interconnected channels X !
Pressure drop X 1.1¢
Heat transfer
Average heat-transfer coefficient X 1.1
Radiation cooling X )
Local heat-transfer coefficient X 1.1 o
Bed flow
Sphere flow-vclocity profile X 1.02 . G
Broken-sphere factor X X 1.5 Small RN
Physics ‘%
~ Radial peak-to-average power density X 1.01 T
Axial peak-to-average power density X 1.01 '
Manufacturing tolerances
Nonuniform fuel loading X 1.01
T A Variation in sphere diameter X 1.01
Sphere density X 1.01
Operation
Reactor power level X 1.01
Gas inlet temperature X +40°F
Gas outlet temperature X R25°F
Thermocouple error X 25°F

%Unless otherwise indicated, all values are taken from ref. 7.

by, Ozisik, R. B. Korsmeyer, and C. L. Rhoden, "Heat Trancfer Analy-
sis of Pebble Bed Reactors and Comparison with Prismatic Cores,' USAEC
Report ORNL-CF-61-6-16, Oak Ridge National Laboratory, June 19, 1901,

®D. ¢. Thomas, Evaluation of Cluster Formation, pp. 155-157, "GCRP
Semiann. Prog. Rep. Sept. 30, 1962," USAEC Report ORNL-3372, Oak Ridge
National Laboratory.

Aprom following section, R. D. Bundy, "Full-Scale Packed-Bed
Reactor Core Experiments.”

®D. ¢. Thomas, Pressure Drop Evaluation, pp. 148-150, "GCRP Quar.
Prog. Rep. March 31, 1962," USAEC Report ORNL-3302, Oak Ridge National
Laboratory.
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also gives representative values of the hol-spot factor as derived for
various gas-cooled reactors.” For packed-bed reactors, the over-all tem-
perature rise may be in the range 700 to 1200°F, while the film-temperature
drop may be in the range 150 to 200°F. Thus in terms of the margin re-
quired for safe operation of a packed-bed reactor, a much larger hot-spot
factor can be tolerated for the film-temperature drop than for the axial-
temperature rise. From inspection of Table 10.1, the cumwlative factor
(obtained by successive multiplication of the individual factors) for the
At term (1.93) is found to be approximately one-third greater than that
for the AT term (1.45) when the broken-sphere factor is neglected as being
of low probability of occurrence. In fact, the results obtained by ap-
plication of the factors of Tuble 10.l1 are significantly modified by in-
clusion of the probability term; for example, tests giving information

on the product of the probability and the hot-spot factor suggest‘that
under most circumstances there need be little concern over the cluster-

ing factor. 8

Experiments are currently under way, however, to verify
this for the specific geometry being studied. ?

The product of the factors from Table 10.1 and the last three items
in the table give a maximum (and quile pessimistic) temperature allowance
for uncertainties in design, fabrication, and operation of 500 to 650°F
for the mean temperature rise through the reactor. If the probability
of the simultaneous occurrence of all the "worst" poseible events is 0.5,

the safety factor may be reduced to 250 to 325°F.

Full-Scale Packed-Bed Reactor Core Experiments (R. D. Bundy)

The study of the static and dynamic characteristics of a randomly

packed bed of 1 l/2—in.;diam graphite spheres within a full-scale model

“Power Reactor Technology, 4(1): 30-32 (December 1960); 3(4): 30-31
(September 1960).

8C. B. Von der Decken et al., "The Determination of Heat Transfer
from a Pebble Bed to a Through Flowing Gas Usimng the Mass-Transfer
Analogy," Chem. Ingr.-Tech., 32: 591 (1960).

°See following section, F. N. Peebles et al., "Mass-Transfer
Studies."

i
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of a packed-bed reactor core was continued.*9>11 A description of the
experiments performed is given in Table 10.2. Beds 1, 2, and 3 were
studied before inclusion of the full-scale core model in the reactor
mockup, and hence experiments were restricted to static conditions., It
was observed that for 86% of the spheres the velocity at the exit of the
injection tube was in the range 0.7 to 5.2 ft/sec; the maximum injection

velocity measured was 11.3 ft/sec. Details of the bed loading conditions

‘are given in Table 10.2. In the following discussion, the results are

keyed to the experiment by adding the bed designation number to a prefix
indicating the experiment performed; for example, VF-5 indicates the void-
Tracllon meagurement for bed 5, as listed in column 3 of Table 10.2.

Void-Fraction and Angle-of-Repose Measurements. The static bed

characteristics, void fraction, and mean angle of repose for the beds
studied are given in the final columns of Table 10.2. Void fractions were
determined by calculation from the measured bed height and the known volume
of the spheres and the core; as noted in the table, a water-volume tech-
nique was also used for measuring the void fractions of beds 1 through 3.
The instruments used in establishing the bed height are shown in Figs.

10.4 and 10.5.

The void fractions for beds 4 and 5 (0.394 and 0.398, respectively)
fall within the scatter band previously indicated for the results obtaincd
with beds 1 through 3 (0.401 + 2%).%1 Bed 5 was formed from bed 4 by with-
drawing spheres in groups of about 65 from the core bottom and readmitting
them singly at the core top. As indicated by the numbers given above, no
gignificant effect on the void fraction was noted.

There cxists lhe finite possibllity thet levitation of the bed will
occur sometime during its liletime. ‘Therefore the effects of this were
studied in beds 6 and 7. In forming bed 6, the air flow through the core

was raised to the levitation wvalue, at which point a severe, cyclic,

10R, D. Bundy, PBRE-Core Flow Characteristics, pp. 153-155, "GCRP
Quar. Prog. Rep. March 31, 1962," USAEC Report ORNL-3302, Oak Ridge
National Laboratory.

11R. D. Bundy, Full-Scale PBRE-Core Experiments, pp. 158—169, "GCRP
Semiann. Prog. Rep. Sept. 30, 1962," USAEC Report ORNL-3372, Oak Ridge
National Laboratory.



Table 10.2.

Description of Packed-Sphere-Bed Experiments

. e Static
Bed. Loading Conditions Characteristics
Bed ExperimentaZ Experiment
Designation Determina=ions Designation v Sphgre Impact Gas Flow Angle of .
. elocity (ft/sec) During Void
Technique . Repose . a
Loading (deg) Fraction
At Bottom At Top  {1b/ft?-sec) €
1 Void fraction VF-1 Spheres added singly at 17.3 9.0 (v) 2026 0.410
Angle of repose AR-1 center from 6 1/2 in.
above core riodel vop
2 Void fractisn VF-1 Spheres added singly at 15.4 2.8 (b) 2028 0.396
Angle of rejose AR-1 center from 6 1/2 in.
gbove core model top
3 Void fraction VEF-3 Spheres added off-certer 15.4 3.6 (b) 23 0.397
(4 in. from wall) from
5] 1/2 in, above core
model top
4 Void fraction VF-4 Spheres added singly at 18.3-19.1 10.9-12.0 0 23 0.394
Pressure distributicn PD-4 center from 6 1/2 in.
Levitation velocity Lv-4 above core model too
Angle of repose AR-4
5 Void fracticn VF-5 Spheres of bed 4 cycled 10.9-12.0 0 18-25 0.398
Pressure distribution PD-5 once by batch remoyal
Levitation velocity Lv-5 {65 spheres) from bot-
Velocity profile VP-5 tom and single addi-
Angle of repose AR-5 tion at top
. 6 Void fraction VF-6 Bed 5 levitated and al- 1.56 0 0.418
Pressure cistribution PD-6 lowed to settle slowly
Levitatior velocity Lv-6
Velocity profile VP-6
7 Void fraction VE-7 BeC 6 levitated and al- 1.56 0 " 0.419
lowed to settle abruptly . )
gc Void fraczion VP-8 Spherss added singly at (c) (c) 0.51 1922 ()
Pressure distribution PD-8 center from 6 1/2 in.
Levitatioa velocity Lv-8 above core model top
Velocity profile VP-8
Angle of repose AR-8

&0btained by calculation from height and volume measure-
ments; for beds 1 through 3, data obtained by water addition
and withdrawal yielded 0.403 for bed 1, 0.399 for bed 2,

0.401 for bed 3.

.

CExperiment incomplete.

b . . '
Static experiments performed in full-scale core model
before inclusion in reactor mockup. ’

-
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Fig. 10.4. Probe-Positioning Mechanism for Studies of Velocity and
Bed Top-Face Profiles.

churning action was obgerved. The air flow was then slowly decreased to
zero so that the bed progressively stabilized, beginning at the bottom.
In contrast, for bed 7, the air flow was abruptly shut off after levita-
tion. As indicated by the values listed in Table 10.2, a significant (5%),
residual expansion of the bed resulted. There was no discernable influence
on the void fraction of the means by which the bed reverted to the settled
condition following levitation. The experiments with bed & have not yet
been completed. In this case, the bed was produced by adding spheres
singly to an initially empty core, while maintaining a counter gas flow
at a level approximately one-third that required to levitate a full bed.
In addition to the void-fraction determinations, the angle of repose
of the spheres in the fill cone at the top of the bed was also measured

Ffor those heds in which the spheres were added singly; the results are
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Fig. 10.5. Probe for Determining Profile of Top Face of Packed-
Sphere Bed.
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listed in Table 10.2. The superficial angle of repose is defined as the
angle between the horizontal and a line connecting with the extreme spheres
in the fill cone (at the wall and at the top). The range values of the
data in Table 10.2 reflect the bounds obtained from measurements along
several radii; where a single value is listed, only one measurement was
made. Good agreement was observed for the results from the most recent
experiments (beds 4, 5, and 8) and those reported earlierl! (beds 1, 2,

and 3). The data spread seemed to be somewhat reduced for the situation
in which the spheres were charged to the core against air flow (bed 8),

but this will require further verification.

The angle of repose. as a function of the impact velocity is shown
in Fig. 10.6. Again, reasonable agreement was found between the data ob-
tained after inclusion of the core model in thé reactor mockup (shaded
area) and that obtained earlier (open circles).

Pressure Distribution. As described previously,10 the full-scale

model was provided with static-pressure taps distributed over the core
wall and the bottom surface. In all, there were 33 such pressure-tap
locations arranged in sets of 11 (eight along the core wall and three on

the bottom) at each of three 120-deg separated positions. Nine additional
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taps gave information on the over-all core pressure drop and the losses
in the inlet line.

In the course of these experiments, the air flow through the core
was varied over the range from 25 to 93% of the levitation velocity (NRe,p
from 2,500 to 10,000). At all flows, pressures observed at the same height
but at different angular locations agreed to within the precision of the
measurements. It thus appears that no gross crossflow maldistributions
exist.

Two friction factors were calculated from the pressure-drop data:

(1) an over-all factor based on the total pressure difference across the
bed, which is specific to the geometry studied, and (2) a more general
factor calculated from the constant portion of the pressure-gradient curve;
which characterizes fully developed flow in a packed bed. Since the pres-
sure gradient in the inlet region of the core was, in general, less than
that in regions of established flow, the over-all factors were determined
to be of lesser magnitude than those developed from the data for the cy-
lindrical part of the core. Thé results are presented in Tig. 10.7, and,
for reference, the mean line through the data of Denton et al.l? and the
curves predicted by the correlation of Ergun13.(at two values of the void
fraction) and of Bakhmeteff and Feodoroffl4 are included in the figure.

Two facts arc noted from the data. First, bhoth the over-all and the
established-flow friction factors showed a —0.2 dependence on the Reynolds
modulus (i.e., T ~ N§2.2> over the full range of the experiments. Even
at the higher flows, thexe was no indication of any leveling off of the
friction-factor curve, such as that indicated by the Ergun correlation.
Second, the frictidn factor does not appear to depend simply on the void
fraction. Thus, the decrease in the friction factor from that obtained

in experiment PD-4 to that in PD-5 or PD-8 was greater than anticipated

12y, H. Denton, C. H. Robinson, R. S. Tibbs, "The Heat Transfer and
Pressure Loss in Fluid Flow Through Randomly Packed Spheres,'" British
Atomic Energy Authority Report AERE-HPC-35, June 1949,

135, Ergun, "Fluid Flow Through Packed Columns," Chem. Eng. Progr.,
48: 8994 (1952).

14B. A. Bekhmeteff and N. V. Feodoroff, "Flow Through Granular Media,"
J. Appl. Mech., 4: A97-A104 (September 1937). :
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Fig. 10.7. Experimental Friction Factors as Determined in Full-
Scale Packed-Bed-Reactor Core Model.

from the increase in void fraction. Further, the PD-5 data indicate a
lower flow resistance than was observed for PD-6 in which the void frac-
tion was 5% greater (0.418 vs 0.398). The possibility thus exists that
oriented flow passages were present in beds 5 and 8. These could have
been created in bed 5 by the batch removal of spheres at the bottom and
in bed 8 by the upward air flow during charging. Velocity profile de-

terminations (discussed'further in a following section) at the exit face
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of bed 5 tend to confirm this hypothesis. The friction factors evaluated
in experiment PD-4 agree well with those previously reported by Peebles
et al.}? for flow through a 3/8—scale model randomly packed with smooth,
9/16-in.-diam plastic spheres.

Levitation Velocity. As the flow through a packed bed is increased,

a gas velocity will be reached at which the pressure difference (drop)

across the bed is equivalent to the weight per unit cross section of the

bed. At velocities slightly greater, the void fraction sharply increases . -
and the bed tends toward an arrangement of individual spheres suspended
(floating) in a gaseous medium. This phenomenon is termed levitation.
The quantitative delineation of the levitation velocity presents some
problems, however, in that (1) there is no sharp point of demarcation
between a static bed and a levitated bed (i.e., the bed does not lift and
expand abruptly) and (2) the gas velocity can only be defined in terms

of the superficial velocity at the bed exit. It was experimentally ob-
served that a definite progression of events, beginning with sphere mo-
tion on the upper face of the bed, precedes full-bed levitation. The
choice of any of these events (see Fig. 10.8) as indicative of incipient
levitation rests on what the observer considers a detrimental condition
from the viewpoint of the end application. Further, the 1lift experienced
by an individual sphere depends on the geometry of the local region in
which it is embedded. Thus, at a given exit superficial velocity, a bed
of rhombohedrally arranged spheres may levitate, and a randomly packed
bed may remain static.

In the data discussed below and summarized in Table 10.3, levitation
is defined in terms of the ratio of the pressure gradient across the bed
to the bulk bed density (dp/pdz) rather than in terms of the gas velocity.
This avoids some of the problems considered above. The behavior of the
spheres at the top of the bed was observed visually and photographically
while the air flow was slowly increased and decreased at a velocity near

that required to levitate the bed.

15F. N. Peebles, B. M. Phillips, J. M. Rnodes, Mass Transfer Studies,
pp. 169—174, "GCRP Semiann. Prog. Rep. Sept. 30, 1962," USAEC Report
ORNL-3372, Oak Ridge National Laboratory.
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Fig. 10.8. A Qualitative Representation of the Phenomena Preceding
Full-Bed Levitation. -

Three distinct phenomena characterized the approach to full levita-
tion, and all were noted to occur in local areas without involving the full
exit face of the bed. These were the following:

1. a rocking motion of a few spheres when the pressure gradient was
equivalent to 60% of the bulk bed density, -

2. the initiation of spinning of some spheres when the pressure gradient-
to-bed density ratio was 0.80, ‘ _

3. physical lifting of spheres for values of dp/pdz in excess of 0.90.

As the flow was decreased from its maximum value, the same phenomena
occurred in reverse order. These observations are consistent with those
reported by Randall and Millwright.16

A graphical presentation of the results listed in Table 10.3 is given
in Fig. 10.8. Since quantitative criteria describing the various regimes
have not been delined, the figure shows only that in certain ranges of
dp/pdz certain phenomena occur. A distinct discrimination between beds
with and without levitation prior to the observations is, however, appar-

ent., This difference was found regardless of whether the full bed had

16p, E. Randall and 8. S. Millwright, "Experimental Determinations
ot the Presswe Drop Through a Pebble Bed, " Sandia Uorporation Report
SC-4354(TR), September 1959,
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For either situation, if previous levitation had occurred, subsequent

levitation was achieved at pressure gradients equal to only 60% of the

Table 10.3. ‘Summary of Results of Levitation Studies of
Packed~-Sphere Beds

Ratio of Pressure

Experiment Gradient to Comments
Bulk Density
LV-4-1 0.65 A few spheres began to rock?®
-2 0.80 One sphere only was spinning; othcrs
were rocking®
-3 0.95 Physical levitation of some spheres®
-4 0.6l Physical levitation of some spheres
-5 0.62 Physical levitation of some. spheres
-6 0.61 Physical levitation of some spheres
-7 0.60 Physical levitation of some spheres
Iv-5-1 0.98 Physical levitation of somc cpheres@
-2 0.63 Physical levitation of some spheres
-3 0.61 Physical levitation of some spheres
-4 0.62 Physical levitation of some spheres
=5 0.65 Physical levitation of some spheres
-6 0.67 Physical levitation of some spheres
=7 0.58 Physical levitation of some spheres
LvV-6-1 0.35 A few spheres began to rock
-2 0.60 A few spheres were spinning; others
were rocking
-3 0.65 Physical levitation of some spheres
-4 0.14 All movement by spheres ccased.
-5 0.18 One sphere only began to rock
-6 0.35 A few spheres began to rock
-7 0. 44 One sphere only was spinning; others
were rocking '
-8 0.64% Physical levitation of some spheres
-9 0.59 Levitation ceased but spheres con-
tinued to spin and rock
-10 0.41 All spheres stopped spinning; some
still rocked
-11 0.18 All movement by spheres ceased
-12 0.30 One sphere only began to rock
-13 0.37 A few spheres began to rock
-14 0.60 Physical levitation of some spheres

aMeasurements were for beds not previously levitated.

\s
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bulk density. Other indications of afproaching levitation were observed
at correspondingly lower values of pressure gradient.

Consideration of the arrangement of spheres in the top layers of jthe
bed provided an explanation for the observed data separation. Agitation
of the top of the bed during levitation permitted spheres to assume a
minimum potential-énergy configuration (rhombohedral). In following ex-
periments, this denser packing created a steeper pressure gradient at the
bed exit face and, hence, occasioned levitation at lower values of dp/pdz.
This description‘is true even for those beds which had been fully levi-
tated (e.g., bed 6). For these beds, even though the over-all void frac-
tion was increased, the top surface showed closer packing. This hypo-
thesis was qualitatively confirmed by manually disturbing the ordered
packing at the bed face while the gas flow was just sufficient to main-
tain levitation; all indications of levitation immediately- ceased.

Velocity Profiles. A knowledge of the flow distribution within a

packed bed is needed for estimating the heat transfer (local or ovér-all)
from the bed. Measurements of the velocity inside the bed are difficult
and not a part of the immediate scope of this study. Information rela-
tive to the gross distribution of the superficial velocity can be ob-
tained, however, from data on the velocity at the exit face of the bed.

A hot-wire probe, supported and positioned by the mechanism used in
the bed-height measurements, was used to measure the velocity. The tra-
verses were made at a level six sphere diameters (9 in.) above the bed
in order to minimize the effects of the wakes from the individual spheres
while retaining sensitivity to local variations in the superficial velocity.
The probe was calibrated in an empty pipe.

The results obtained from the beds studied (see Table 10.2) are pre-
sented, in part, in Figs. 10.9, 10.10, and 10.11. It was observed that,
at any given radial distance from the core wall, the local velocity varied
significantly with angular position. This is shown in Fig. 10.9, in which
the radial variation in the local maximum and minimum velocities (deter-
mined by circumferential traverses at each radial position) and in certain
averaged velocities (30- and 360-deg sectors) is given dimensionlessly as
a velocity ratio based on the bed average. The data depicted are for run

VP-5A in which the average bed velocity was 5.7 ft/sec. From Fig. 10.9,
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Fig. 10.9. Experimental Velocity Spectrum Obtained with Peaked Bed
Top (VP-5A) and an Average Bed Velocity of 5.7 ft/sec.

it is noted that the spread in the ratio of local maximum-to-minimum
velocities is of the order of 2 to 6. The éngular location of the extreme
values varied randomly between traverses, reflecting local variations in
void fraction (probably in the uppermost levels of the bed). This aspect
will be examined further by removing successive layers from the top face

of the bed and observing the changing pattern in the distribution of local
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velocities. Velocities averaged over 30-deg sectors show a lesser varia-
tion in the maximum-to-minimum ratio. While the local velocities reflect

conditions near the exit face of the packed bed, the average of these
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velocities over the full 360-deg sector should reasonably characterize
the gross distribution of the superficial velocity within the bed; this
will be checked by observing changes in this profile (curve labeled Vév
in Fig. 10.9) in the aforementioned experiment.

A series of experiments was performed (VP-6A, VP-6B, VP-6C) in which
the effect of the bed average velocity on the radial variation of the
mean circumferential velocity was examined. The results, presented in
Fig. 10.10, indicate that a 2.4-fold change in the average velocity did
not significantly affect the shape of the radial velocity profile; the
variation between the profiles was less than the estimated *5 to 7% error
associated with the measurement. This result is consistent with the con-
clusions of other investigators.17719

The velocity data obtained for several differently formed beds (5
and 6) are compared in Fig. 10.11 with results reported by Dorweiller and
Fahien.® The regions delineated along the abscissa in Fig. 10.11 have
reference to the geometric structure of the core bottom, as shown in Fig.
10.12; gas-inlet holes in the central sphere-discharge dome are not shown
in this photograph. The effect of the inlet gas distribution on the ve-
locity profile is discernible in the data of Fig. 10.11. Results for the
VP-5A through 5C runs are in best agreement with the Dorweiler and Fahien
profile; the differences can be explained in terms of the structure of
the beds studied. Dorweiler and Fahien examined a flat-topped bed con-
tained by a right-circular cylinder; whereas, for the mockup, the bottom
and top faces were both roughly conical. The higher resistance to flow
in the mockup bed caused both a shift of the point of maximum velocity
toward the wall and a decrease in flow through the central region. To
verify this, the upper face of bed 5 was leveled prior to runs VP-5D
through VP-5F by levitating the top layers of spheres. The results, while

somewhat inclusive, show that the velocity maximum moved away from the

17M. Collins, "Velocity Distribution of Packed Beds," M.E. Thesis,
University of Delaware (June 1958).

18y, P. Dorweiler and R. W. Fahien, "Mass Transfer at Low Flow Rates
in a Packed Bed Column," A.I.Ch.E. J., 5: 193 (1959).

19¢. E. Schwartz and J. M. Smith, "Flow Distribution in Packed Beds,"
Ind. Eng. Chem., 45: 1209 (1953).
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Fig. 10.12. Core Mockup Inlet Geometry. In a later version, gas-
inlet holes were added in sphere-discharge dome.

wall and that the central flow was increased. Interpretation of this
data is complicated by the fact that levitation resulted in the formation
of (1) large clusters (extending through the upper four or five layers)
of rhombohedral spacing and (2) vertically oriented channels in the region
of the central dome. With the bed flattened, a strong velocity maximum
appeared at the core center; and a secondary maximum occurred in the vi-
cinity of the outer edge of the central dome (in VP-5A-C an inflection
was noted in this region). Further modification of the bed (VP-6A-C) by
complete levitation resulted in lower relative velocities near the wall,
an additional displacement of the velocity maximum toward the core center,
and the elimination of the high central velocity; Llhe secondary maximum

was somewhat amplified. While the packing arrangement within the bed was
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difficult to estimate, the results suggest an increased density in those
regions in which the velocity was originally greatest (although the over-

all bed density decreased).

Mass-Transfer Studies?® (F. N. Peebles, B. M. Phillips, J. M. Rhodes)

Consideration of the local heat-transfer phenomena in packed-sphere
cores leads to the conclusion that substantial temperature excesses could
exist in and near clusters of closely packed fueled spheres. To furnish
data on the severity of this condition, an experiment was initiated to
measure the rates of mass transfer for spheres within and around a cluster.
Corresponding rates of heat transfer were then calculated by application
of the heat transfer-mass transfer analogy.21
A 3/8-scale core model with 9/16-in.-diam plastic spheres to simulate

22  Mass-

the spheres of the full-scale mockup study was described earlier.
transfer tests were delayed because of two ruptures of the plastic core
model. Modifications of the test section to provide additional reinforce-
ment of the cemented plastic joints were completed, and hydraulic tests
showed that particle Reynolds moduli between 103 and 10% could be obtained.
Benzoic acid test spheres (9/16-in.-diam) for the cluster experiment
were satisfactorily prepared by pressing cp-grade crystals in a spherical
die, rather than by machining the test spheres from crude pressings as in
the earlier work.?? Preassembled closely packed clusters with benzoic
acid test spheres in the center of the test cluster are shown in Fig. 10.13.

Mass-transfer tests will be made with the closely packed clusters manually

positioned in the otherwise randomly packed bed of inert plastic spheres.

2 Oyork performed under subcontract by Department of Chemical and
Metallurgical Engineering, University of Tennessee, Knoxville, Tennessee.

21¢. 0. Bennett and J. E. Myers, Momentum, Heat and Mass Transfer,
pp. 331488, McGraw-Hill Company, Inc., New York, 1962.

22F, N. Peebles, B. M. Phillips, and J. M. Rhodes, Mass-Transfer
Studies, pp. 169—174, "GCRP Semiann. Prog. Rep. Sept. 30, 1962," USAEC
Report ORNL-3372, Osk Ridge National Laboratory.

23J. M. Rhodes and F. N. Peebles, "Local Rates of Mass Transfer from
Spheres in Ordered Arrays,'" Department of Chemical and Metallurgical
Engineering, University of Tennessee, Knoxville, Tennessee, August 1962.
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Fig. 10.13. Closely Packed Clusters of Inert Plastic Spheres with
Soluble Benzoic Acid Test Sphere in Center of Cluster.

Further experiments on local mass-transfer rates from spheres in
ordered arrays were initiated to extend the data of Rhodes and Peebles?3
to higher particle Reynolds moduli (up to 10°) and lower Schmidt moduli
(200 to 1000). This information is needed in the interpretation of data
from random-bed experiments and in more precise thermal analyses of packed-
bed reactor cores.

Design calculations showed that a 9- by 9-in. test section with five
layers of 3-in.-diam spheres could be used in the existing hydraulic ta-
cility to attain particle Reynolds moduli up to 104,000. As in the earlier
mass-transfer studies, benzoic acid test spheres will be placed in arrays
of otherwise inert spheres. Infinite-bed packings will be simulated by
use of partial spheres machined to fit the square test section.

The apparatus used by Rhodes and Peebles?3 for measuring local radius
changes on mass-transfer test spheres was modified to make use of a linear

variable-differential transformer (LVDT, Columbia Model S-125-SZR) to
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detect dimensional changes. The output voltage from the LVDT is being
used to drive a recorder that plots the local radius versus position on
the test sphere. Refereénce measurements and calibration of this device

are in progress.

Void Distribution in Random Sphere Beds (F. N. Peebles, M. C. Thadani)

An experimental study of the spatial distribution of voidage in ran-
domly packed beds of spheres in reduced-scale packed-sphere beds was ini-
tiated to furnish data needed to resolve uncertainties in thermal design.
Replication of the bed of spheres randomly packed in the test model was
obtained by filling the void with a liquid resin, which was then solidi-
fied by polymerization. X-ray pictures of disks cut from the solid repli-
cations will yield data for determination of the radial, axial, and cir-
cumferential variations in voidage.

Typical disks cut from a l/A-scale model filled with 3/8-in.-diam
plastic spheres are shown in Fig. 10.14. The disks are 3/4 in. thick,
and the lower faces are pictured. In a qualitative way the disks reveal
no excessive axial variation in voidage. Detailed x-ray analysis of these

disks from the solid replication of the core model is in progress.
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11. FACILITIES AND EQUIPMENT

GCR-0ORR Loop No. 2 Construction

J. Zasler

Installation of the GCR-ORR loop No. 2 in-pile section and the first
experimental assembly was completed, and loop operation was initiated
January 31, 1963. The experiment assembly being irradiated is a low-power
unit for determining the neutron flux by the argon-activation technique
described by Carroll.! It consists of a l-in.-diam, 1l-in.-long cylinder
that can be moved axially over the 9 in. to be occupied by fuel specimens
in future experiments.

The neutron flux was measured with the in-pile section in four posi-
tions: fully inserted, withdrawn 6 in., withdrawn 12 in., and withdrawn
21 in. The results of the measurements are presented in Fig. 11.1.

The outer surface of the cyliﬁder was coated with a thin layer of UO,
in an attempt to generate recoil fission products. Samples were taken that
indicated small amounts of fission products in the loop.

The bypass purification system is operating and appears to be quite
effective in removing gaseous impurities. A typical analysis of the loop

gas follows:

Quantity
Constituents (ppm)
H, 6
H>0 3
N, + CO 8
COs 1
02 <1
Ar 18

The argon in the gas sample was introduced during final assembly and test-
ing of the loop and can be removed by purging.

The loop is presently operating with a maximum gas temperature of
1200°F. The heater control circultry is performing well in providing

constant temperature gas to the test section.

IR, M. Carroll, "Argon Activation Measures Irradiation Flux Continu-
ally,"-Nucleonics, February 1962.
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Loop No. 2 During ORR Cycle 45. :

Measurements and calculations were made to determine the gamma-
energy transfertred to the gas that cools the in-pile section. The value
appears to be between 2 and 3 kw, which is considerably lower than the
17 kw assumed in the des{gn and hazards calculations. The implications

of this for future operation of the loop are being examined.

Compressor Development

W. F. Boudreau

Gas-Bearing Compressors for GCR- ORR Loop No. 2 (D. L. Gray)

A second series of tests was run to obtain additional operating data
on gas-bearing compressors. The instrumented Bristol Siddeley gas-bearing
compressor was used for these tests. The internal thermocouples were

reldcated prior to these tests to obtain temperature date in the region

g~
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of the front journal bearing. Four attempts were made to operate the
compressor at design temperature and pressure (600°F and 295 psia), and
in each case indications of rubbing of the journal bearings were found
as Lhé temperature approached 500°F.

Upon disassembly of the compressor it was found that no apparent

- damage had occurred to the journal bearings but that contact had occurred

between the cylindrical heat shields and the thermocouple fastened to

the front Jjournal bearing diaphragm. It was believed that this had caused
the diaphragm to deform and thus cause misalignment‘of the front journal
bearing. The heat shields were notched to eliminate this difficulty.

The compressor was reassembled, and it operated successfully at
speeds up to 11,400 rpm at 600°F and 295 psia. Attempts to operate at
higher speeds resulted in touching of the journal bearings. When the
compressor was disassembled, it was found that the leading edge of the
rear end of the top pad on the front journal bearing showed evidence of
rubbing. The shaft was scored at this location to tlie extent that a

decision was made to replace it and to install new journal bearings.
Further investigation gave rise to the belief that the difficulties could

have resulted from unbalance in the rotating assembly caused by shifting
of the impeller on the shaft during assenbly.

The rotary assembly was removed and balanced, and means for ensuring

" correct repetitive positioning of the impeller were studied. A set of

Journal and thrust bearings surfaced with Giacier "DU" are to be installed
in this compressor. Glacier "pU" is a proprietary material that consists
of a 0.010-in.-thick layer of sintered bronze attached to a steel backing.
The bronze is impregnated with Teflon. It has been found in Buropean
tests that this material gives good results for starting and stopping in
very dry helium, whereas all known metallic materials are subject to
galling under these conditions. A process for impregnating the surface
of thc shaft with Mosé has also been developed 1n Burope, but it has not
been effective in all cases in preventing damage with dry helium. Since
it will be necessary to make new bearings, studies are being made of the
optimum configuration to overcomeAall the known problems in this type of

compressor.
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Continental Bearing Research Corporation Experimental Gas-Bearing
Compressor (D. L. Gray)

Evaluation tests of the experimental gas-bearing compressor supplied
by the Continental Bearing Research Corporation were continued. The com-
pressor was installed in the test loop and operated for approximately
2 hr at a suction pressure of 92 psig and a temperature of 89°F. It was
stopped to replace the overload heater in the electrical circuit breaker
and then operated for a second period of 2 hr at 160 psig and 99°F at
speeds from 9,000 to 15,000 rpm. At the end of this time the coﬁpressor
stopped and could not be restarted. A considerable amount of debris of
various types was found when the impeller was removed. Part of the debris
consisted of metal chips, and most of the remainder appeared to be frag-
ments from the ceramic motor insulation. It was also found that one of
the pivot pads in the lower journal bearing had been installed backward.
All three pads were welded to the shaft, ]

It was concluded that the failure was caused by the debris. The
motor insulation was examined, and it was determined that it would be
very difficult td prevent further chipping of the insulation in service,
since it seemed probable that most of the problem was caused by differ-
ential expansion between the metal retainer strips in the stator slots
and the ceramic insulation. No further tests will be made with this unit

unless a more adequate type of high-temperature insulation can be found.

Regenerative Grease-Lubricated Compressors (I. K. Namba)

The regenerative compressors In GCR-ORR loop Nu. 1 continued to
operate satisfactorily during irradiation test cycles. Since the previous
report period, the operating time of the compressors has increased from
3300 (three test cycles) to 4400 hr (four test cycles) without replace-
ment of the bearings. Inspection of the compressors indicates that an
additional 1100 hr of operation should be feasible, for a total operating
period of 5500 hr.

The set of regenerative compressors in GCR-ORR loop No. 2 was oper-
ated intermittently during the loop shakedown period and has continued

to operate satisfactorily during the initial test cycle.
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A small regenerative compressor that was designed and fabricated at
ORNL was installed in the control-rod-drive testing facility. This com-
pressor was operated intermittently during various phases of loop shake-
down testing. Tests were also made with several alternate impeller and
volute geometries to obtain data on the fluid dynamics of the regenerative
impeller. Analysis of the data is in progress.

A second, small, regenerative compressor was assembled for use in

testing the EGCR burst slug detection system in GCR-ORR loop No. 2.

Blower and Compressor Evaluation Studies (Ww. F. Boudreau, D. L. Gray)

A study was made of the possible use of a hermetically sealed,
motor-driven compressor for, the EGCR emergency cooling loop. Such units
could eliminate problems associated with conventional shaft seals exposed
intermittently to high pressures. It would also be possible to reduce
the physical size of the compressors and thereby reduce their cost. It
was decided that it‘would be possible to design such compressors that
would utilize hydrostatic gas-lubricated bearings but thatbit would not
be feasible to demonstrate the operation of these bearings at an early
enough date to permit their consideration for EGCR use.

During the course of the investigation it became apparent that
hydrostatic gas bearings offer attractive possibilities for use in large
blowers and compressors. It was therefore decided to initiate an investi-
gation of the operation of this type of bearing. An available test unit
is being modified for this study.

Development of Shaft Seals (Subcontract No. 2118, University of
Tennessee, W. K. Stair)

Pour additional reports on the development of shaft seals were com-
pleted and published by the University of Tennessee. Five of the total
of six reports have now been made available to the. Office of Technical

Services for distribution.?276

ZFﬁederick Arnold and W. K. Stair, "The Labyrinth Seal — Theory and
Design, ME 5-62-1, University of Tennessee, March 1962, USAEC Report
TID-15986, ' : :
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Equipment for Helium Analyses

A. S. Meyer C. M. Boyd

Development work was completed on the Greenbrier process chromato-

graph, which was adapted for analysis of radioactive helium samples from

GCR-ORR locp No. 2. The separation and flow-directing valves that were

described previously7 were used in the final instrument; however, minor

modifications, including a change in column packing, improved flow- and -

pressure-regulating components, and modifications of the bridge circuits

to reduce the effect of temperature variations, were required to obtain

consistent analyses. v
In order to complete an analysis cycle within a 20-min period and

obtain a more effective elimination of the fission-product gases krypton

and xenon, the columns originally selected (an 18-in.-long, l/4—in.—OD,

silica-gel column and a 36-in.-long, 1/4-in.-0D, type 5A molecular sieve

column) were replaced. The new columns consist of a 1ll-in.-long, l/4—in.—

OD column of Burrell high-activity silica gel and a 12-ft-long, 3/16-in.--

OD column packed with 20-30 mesh type 13X molecular sieves. The new

columns'yielded a chromatogram similar to that obtained with the previous

columns. The peaks were somewhat more sharply resolved and the spacing

between nitrogen and methane was increased to provide additional flushing -

time to remove the radioactive krypton. Also, with this column combi-

nation, the retention time of carbon dioxide is increased so that it is

3Wm. K. Stair, "The Visco Seal — A Survey,' ME 5-62-2, University of
Tennessee, March 1962, USAEC Report TID-15987.

“Wm. H. Carden, ''The Mechanical Face Seal," ME 5-62-TN-3, University
of Tennessee, March 1962, USAEC Report TID-15988.

SWwm. K. Stair, '"The Bearing Seal — A Design Evaluation, ' ME 5-62-TN-2,
University of Tennessee, April 1962, USAEC Report TID-16358.

éwm. "K. Stair, A Research Program on Dynamic Shaft Seals,' ME 5-62-3,
University of Tennessee, published as Paper No. 10 in "Rotating Machinery
for Gas-Cooled Reactor Application,” Proceedings of Meeting at 0Oak Ridge
National ILaboratory April 2-4, 1962, USAEC Report TID-7631.

7A. S. Meyer, Jr., C. M. Boyd, and J. E. Attrill, Gas Chromatograghic
Analysis of Helium, pp. 252-256, "GCRP Quar. Prog. Rep. Dec. 31, 1961,
USAEC Report ORNL-3254, Oak Ridge National Iaboratory.
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eluted from the silica-gel column and measured during the interval in
which krypton is being flushed from the sieve column.

The resolution cbtained with the 13X sieves was equal or superior to
that obtained with the type 5A sie&es for all components except carbon
monoxide. The peak originally obtained for carbon monoxide was highiy
asymmetric and yielded poor linearity and lower sensitivity, particularly
for ppm cdncentrations. By contaminating the sieves with water and carbon
dioxide to empirically selected lewvels, the position of the carbon mon-
oxide peak is translated conveniently close to the methane peak, and the
asymmetry is substantially eliminated. At the necessary level of sieve
contamination, bleeding of water from the column is negligible, but
bleeding of CO, contributes a concentration of 10 to 20 ppm in the effluent
carrier. This Cdg is quantitatively removed fram the column effluent by
absorbing COs in a short section of l/4—ip. tubing packed with ascarite
and magnesium perchlorate. ‘

The total leak rate of all components that may contain radiocactive
gases was reduced to less than 1076 em3/sec. The Phillip-type valves
were demonstrated to be a satisfactory, although difficult, solution to
the problem of effecting the complex flow-switching operations necessary
to the chromatographic analysis while maintaining the rigorous leak speci-
fication necessary for radivactive systems. In the Thillipo valves,
clogsure of flow paths between adjacent parts is effected by the appli-
cation of actuating pressure to a region of a Teflon diaphragm that is
clamped between two flat plates. Because of minor imperfections in these
surfaces, no satisfactory seal could be obtained in the valves as received
from the manufacturef. After lapping the surfaces with 900 grit abrasive
and ceria, reducing the thickness of the Teflon diaphragm to 2 mils, and
using a thick gasket to distribute the force of the clamping nut, the
leak rate was reduced to a value below the limit of detection of a helium
leak tester. No detectable leaks in the three valves have developed during
a six-month period of intermittent operation. In order to maintain satis-
factory flow switching, it is necessary to scrupulously exclude particulate
water from the gas stream. Switching difficulties with these valves were

eliminated only after blowing out all lines with high-pressure helium to
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remove dust and scale and sealing the ends of the columns with glass wool
backed up by 5-p fritted metal disks.

In order to eliminate contamination of the carrier gas by atmos-
pheric gases, a pressure regulator equipped with a metal diaphragm was
originally specified for this instrument. Since this regulator provided
inadequate pressure control for measurements at ppm concentration levels,
it was replaced with a special regulator assembled from Moore Product
Company components. In this improved regulator, diffusion of atmospheric
gases through the elastomer diaphragm is minimized by a continuous purge
of the atmospheric side of the diaphragm with a 10 cm3/min flow of helium.
A Moore back-pressure regulator with adjacent buffer volumes was used to
reduce the effects of variations in the carrier gas pressure caused By
fluctuations in the pressure of the disposal system. No base-line pertur-
bations attributable to such pressure variations were observed.

The instrument has now been in intermittent service in GCR-ORR. loop
No. 2 for more than three months. It has been used for preliminary evalu-
ations of the helium cleanup system and is now providing analyses for the
first low-power test run of the loop. In measurements at the JOO-ppm
concentration level, the reproducibility is better than 5 ppm for all

components except hydrogen and better than 40 ppm for hydrogen.

Thermocouples for High-Temperature Measurements

G. W. Keilholtz R. L. Bennett

Thermocouple Material Tests in Contaminated Helium

Preliminary screening tests were conducted, as reported previously,8
on wires exposed to helium containing 500 ppm H, and 500 ppm CO. In these
tests, which were made at 760 and 982°C, the wires were suspended over
graphite. Since there was the possibility of one type of wire influenc-
ing the attack on another by cross contamination or modification of the

gaseous atmosphere, a second group of experiments was started in which

8y. T. Rainey, Jr., R. L. Bennett, and H. L. Hemphill, Thermocouples
for High-Temperature Measurements, pp. 436—440, "GCRP Semiann. Prog. Rep.
Sept. 30, 1962," USAEC Report ORNL-3372, Oak Ridge National Laboratory.
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sets of 25 types of wires are located in small holes drilled in 12-in.
AGOT graphite blocks. The wires are in direct contact with the graphite
and are isolated from other types of wires. Wires of each type are re-
moved at selected intervals. A set was withdrawn after 36 days, and the
wires are being compared with as-received wires for changes in thermo-
electric output at 420°C against a platinum standard wire.

The results for the wires that have been checked are listed in
Table 11.1, and it may be concluded that at the lower temperature only
Chromel-A and type 347 stainless steel gave significant error (greater
than 0.5% of the output against platinum). At 982°C, however, large
thermoelectric changes occurred in all wires checked thus far, except
50% Mo—50% Re wire. The other 16 wires will be checked, and another set

of wires will be checked after an exposure of greater than 100 days.
The individual wires listed in the first column of Table 1l.1 were

coupled with a platinum wire, and the temperature errors at 420°C wére

obtained. The temperature errors if the wires were coupled with wires

Table 11.1. Effect of Exposure to Helium Containing
H, and CO on Accuracy of Thermocouple Wires

Error in Output at 420°C

Exposed at 760°C Exposed at 982°C
Wire
EMF Drift Temperature EMF Drift- Temperature
(mv) Efror (mv) Efror
(°c) (°c)
Rogular Chromel-P +0,05% +1.7° ~0.25 2.3
Special Chromel-P +0. 04 +1.3 ~0.25 8.3
- Geminol-P 0 0 +0. 56 +33.0

50% Mo—50% Re +0. 01 +0.8 —0. 04 -0.5
Chromel-A +0.22 +14.0 +0. 64 +41
Type 347 stainless steel -0.21 -30.5 -0.34 49
Molybdenum —0.01 0.5 —0.21 -10.9
Fhenium +0. 01 +3.0 +0. 80 +229
Platinum-10% rhodium 0 0 -0.95 —120

a . . . .
Based on comparison with as-received wire.

bThese values represent the temperature error of a thermocouple
of the individual wire coupled with a standard platinum wire at 420°C.
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other than platinum would be different, with the magnitude and sign of
the temperature error being dependent of the relative positions of the
two wires in the thermal emf series. The emf errors given in the table
are characteristic of the individual wires only and represent the output

of an as-received wire coupled against an exposed wire.

Tests of Stainless-Steel-Sheathed Chromel-P vs Alumel Thermocouples

Type 304 stainless steel-sheathed Chromel-P versus Alumel thermo-
couples insulated with MgO have been tested in various atmospheres'for
extended times. The results of several of these tests are summarized in

Table 11.2.

Table 11.2. Drift Data on Type 347 Stainless
Steel-Sheathed Chromel-P Versus Alumel
Thermocouples in Various Atmospheres

Test Test R Temperature
Atmosphere Temperature Time EM?mB§1ft Error
(°c) (days) (°c)
CO at 7 psig 870 194 +0.27 +7
H, at 7 psig 870 155 —4.02 -100
Ho at 150 psig 870 92 —0.01 0
He at 7 psig in a 700 lel -0.20 =5

graphite system

Thermal emf errors along the wires were determined by withdrawing
them from a 400°C isothermal tube furnace. The error data for the in-
dividual wires exposed to CO and H, are presented in Fig. 11.2. Metal-
lographic samples were taken of an as-received thermocouple and at l/4-in.
intervals along the regions where error was noted. The as;received thermo-
couple is shown in Fig. 11.3, and selected photomicrographs of samples ‘
taken at the points indicated on Fig. 11.2 are shown in Figs. 1ll.4 through
11.7. All the photomicrographs are transverse cross sections and are
oriented with the Chromel wire at the bottom. The correspondence between
the error curves and the microstructural changes was definite, except in
one case. In the CO test, no microstructural change was detected that

corresponded to the dip in the Chromel emf error curve at the 11-in.

e
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Fig. 11.2. Thermal-Gradient EMF Error Curves for Individual Wires

of MgO-Insulated, Type 304 Stainless Steel-Sheathed, Chromel-P Versus
Alumel Thermocouples Tested in Various Atmospheres. Figure numbers indi-
cate locations at which metallographic samples were taken.

position (Fig. 11.6). This probably means that the thermoelectric drift
was more sensitive in revealing a change than the photomicrographs.

The emf error curve for the thermocouple tested in helium at 7 psig
in a graphite system is shown in Fig. 11.8. The helium atmosphere con-
tained Hp and CO degassed from the graphite. There is good correlation
between the two maximum error peaks and microstructural changes indicated

in Figs. 11.9 and 11.10. The oxide shown on the sheath contained Fe30,.

Tests of Refractory Metal Thcrmocouples

The tests of tungsten-rhenium thermocouples were continued. The

instability of these thermocouples in low concentrations of oxygen (10 to
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Fig. 11.3. ©Section of As-Received, MgO-Insulated, Type 304 Stain-
less Steel-Sheathed, Chromel-P Versus Alumel Thermocouple.
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Fig. 11.4. Cross Section of Thermocouple Exposed to CO at 7 psig
at a Position 4 in. Inside Furnace. Note beginning of oxidation of
Alumel wire at top of sectionm.



341

£27 " 7 UNCLASSIFIED
. Y—48005

weEaEsEA | o«
- M

P =

o

z

0.0

x

Sie

=4

Fig. 11.5. Cross Section of Thermocouple Exposed to CO at 7 psig
at a Position 4 3/4 in. Inside Furnace. Note sharp increase in oxida-
tion of Chromel wire (compared with that shown in Fig. 11.4) and more
gradual increase in oxidation of Alumel wire.
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Fig. 11.6. Cross Section of Thermocouple Exposed to CO at 7 psig
at a Pogition 11 in. Inside Furnace. Note decrease in oxidation of
Chromel and Alumel wires.
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Fig. 11.7. Cross Section of Thermocouple Exposed to H, at 7 psig
at a Position 10 in. Inside Furnace.
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Fig. 11.9. Cross Sections of Thermocouple Exposed to Helium at
7 psig in a Graphite System. (a) Section taken 10 1/4 in. inside fur-
nace. (b) Section taken 11 in. inside furnace.
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100 ppm) and CO (100 ppm) in helium was described previously.8 Pure
tungsten wires 0.010 and 0.020 in. in diameter were compared thermoelec-
trically against pure rhenium during long exposures in helium containing
100 ppm CO at about 1000°C. For 240 hr, only minor emf variations were
noted, but rapid emf drift, equivalent to about 150°C in 100 hr, was ob-
served upon raising the temperature to 1200°C.

Thermocouples of all combinations of tungsten, tungsten—5% rhenium,
tungsten—26% rhenium, and pure rhenium were found to drift at 1750°C in
helium containing 25 ppm CO at approximately the same rate as in helium
containing 100 ppm CO. In general the drift rates were rather rapid for
the first 100 hr of exposure and then leveled off for the duration of the
260-hr test.

The spiral graphite furnace previously used for the refractory metal
tests in helium-CO atmospheres was modified to flatten the thermal gradi-
ent in the high-temperature region. The length of the heater section was
increased from 2.5 to 5 in., and checks have shown a heating section length
of 1.25 in. to be within *6°C of 1000°C with 2400-w input. The imped-
ance of the graphite heater is well matched to the power supply, so most
of the 10-w power should be available. For a 0.5 X 0.25-in. tungsten
black body with a 0,063-in.-diam cavity, the optical pyrometer agreed
with the thermocouple output within #5°C at 1200°C. The modified furnace
is shown in Fig. 11.11.
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ORNL-2510 Issued September 18, 1958
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