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SUMMARY

Part 1. Deslgn Investigations

1. Reactor Physics

The relatlve merits of three proposed methods of control-rod
programing for operation of the EGCR have been evaluated. The three
methods are (1) uniform bank cperation of all rods, (2) partial or full
insertion of a few selected control rods, and (3) full insertion of
gselected control rods and uniform bank operation of the remaining rods.
The third method incorporates the advantages of the other two and pro-
vides greatest flexibility. It is recognized, however, that the wide
range of operating conditions anticipated for the EGCR will present
situations that cannot be handled by this method and that special
solutions must be sought by the operator. A complete study of control-
rod reactivity worth and effect on the reactor will be essential during
initial critical experiments and shakedown operation for sccurate snalyses
of subsequent operation.

Calculations have been made of the amount of heat that will be
deposited in the EGCR control rods. The caseg considered conformed with
the method of control-rod programing suggested above.

Calculations have also been made of tne gamma-ray heat deposition
to be expected in the EGCR moderator and other core components. These
data provide information needed for determining the over-all core

cooling requirements,

2. Reactor Design Studies

The hot~channel factors have been determined for the EGCR core for
both the normal operating case and for a channel with an additional 10%
heat input. For these calculations the uncertainty in the heat transfer
coefflecient, which 18 the largest single contribution to the hot-channel
factors, wasg considered to be +10% rather than the 30% used previously
in the hazards summary report. The reduction of the uncertalinty is

Justifiied by recent data on the thermsl conductivity of helium.
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Criterila for the failure of EGCR fuel elements have been established
based on excessive temperatures and/or excessive fission~gas release.

The maximum allowable temperature has been set at 1800°F. This tempera-
ture, above which any element is assumed to fail, is based on the lack
of data above this temperature rather than on known properties. In the
case of fission-gas release, it 1g assumed that the operating time of an
element will be limited to the time when the internal pressure on the
capsule is equal to the external pressure. These criteria apply only to
normal long-time operation,

Design data based on results of irradiation experiments on UO, have
been applied to EGCR operating conditions, and the UO, temperatures and
the fisslon~gas pressure bulldup have been computed. For these calcu-
lations the gas-gap resistance between the cladding and the UO, was taken
to be equivalent to a2 0.001-1in. clearance. These fuel element life
calculations indicate that approximately one~third of the inner surface
of the U0, in channel positlon 4 operates at a temperature in excess of
1600°C. At the end of 1life, when the quantity of UOp at this temperature
is a maximum, it amounts to only 2% of the total oxide volume in the
capsule. The fuel exceeds 1600°C only during the last 120 days of irradi-
ation (total exposure time is 1040 days); therefore the assumption of 100%
release of the fission gases generated in this volume increases the total
internal pressure only from 178 to 192 psia and the gas release only from
9.1 tc 10.5%. DNone of the fuel assemblies have final internal pressures
in excess of the cooclant pressure of 300 psia, and only the assembly in
position 4 significantly exceeds an internal pressure of about 100 psia
during the last half of its exposure pericd.

A calculation of the pressure drop across the six fuel assemblies
in the highest power channel has given a maximum value of 9.44 psi.

This value Is just below the allowable 9.5 psi.

The design of the EGCR contrcol rods has been modified to overcome
difficulties encountered I1n attaching the central wire rope to the
inside of the rod. The current design consists of four spring-loaded

S5-ft-long segments having a ball-and-socket type of Jjoint with a
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3/8-in,-diam rod attached to spiders at the top and bottom of the control
rod. One centering spacer on the 3/8~in. rod is used 1in each segment.
The thermal characteristics of the modified rod were calculated
in order to determine the effects on coollng requirements. Calculatlions
were also made for determining the effect of the reactor radial flux
gradient on the circumferential variation in rod cladding temperature
and any subsequent rod bowing. The maximum average temperature drop
across the rod was found to be 181°F. This temperature could cause a
bow of only 0.255 in. over a 5-ft-long control-rod segment and thus
should not cause any difficulty in the operation of the rods.
Experimental data have been obtained for a stress analysis of the
EGCR pressure vessgel. A model of the upper head and the adjacent portion
of the cylindrical section that was instrumented with bonded-wire straln
gages was used to obtaln the data. The data are being interpreted in
terms of the load-carrying capacity and structural integrity of the
reactor vessel. A theoretlical model has been developed for use as a

gulde in the analysis.

3. Experimental Investigations of Heat Transfer and Fluid Flow

The channel entrance for the apparatus used in the study of the
thermal characteristics of the HGCR fuel cluster was modified in an effort
to correct for a flow maldistribution observed in earlier experiments.
Circumferential temperature profiles were obtained for all seven tubes
at 11 axial positions with the altered inlet configuration; the aversge
Reynolds modulus was 50 500 and the surface heat flux was malntained at
6500 Btu/hr-ft?, Some anomalies exlst in the data, particularly with
regard to the axial distribution of the mean tube bteuperature; and
additional studies to resolve the issue are in progress. The data
indicate that a flow deficlency exists 1n the reglon surrounding the
central tube. An examination of the dats obiained thus far in this study
(both for ¥ = 2 and ¥ = 4 tube spacings) has disclosed an appreciable
sensitivity to the inlet plenum configuration. Accordingly, a new

apparatus contalning two clusters equipped with Title II spiders (arranged
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so that one cluster 1s capable of rotation with respect to the other)
is belng fabricated.

An evaluation has been completed of preliminary mass-removal meassure-
ments obtained in the study of the role of relative cluster orientation
on the heat-transfer distribution in an EGCR fuel cluster. The data can,
in general, be analyzed in terms of the effect of the spiders and the
mid-cluster spacer on the flow in the rod bundle. While a number of
discrepancies point up the need for duplicate runs, the over-all pattern
1s self-consistent. The J factors for mass transfer and heat transfer
were found tc be in excellent agreement, with the ratio JM/jH Just up-
stream of the mid-cluster spacer being 1.13. A greater deviation between
JM and jH observed downgtream of the mid-cluster spacer suggests that
the mass~transfer data for this reglon may be in error. This is supported
by the observatlon that the asymptotic value of the mass~transfer factor
for the exit half of the cluster is 17% higher than the corresponding
value for the inlet portion of the bundle.

Mapping of the isothermal velocity field in the KGCR cluster has
concentrated on the effect of relative cluster orientation on the ve-
locities 0,05 in., from the rod surface at four axial levels. The measure-
ments have been restricted to a 120-deg sector of the channel, embracing
four rods. Data taken in the viecinity of the end splders and the mid-
cluster spacer show no unexpected characteristics in the axial flow.

The velocities in the region of the central rod appear to be generally
greater than those observed for the peripheral rods. A regular variation
in the magnitudes of the velocity maxima around the inner rod just down-
stream of the spacer may reflect a displacement of this rod from its

central position.

Part 2. Materials Research and Testing

4. Materials Development

Work has continued in the development of a process for recovery of

U0, by the nitrate~recycle process. Excellent powder has been produced,



but none has been identical to that produced by the fluoride—ammonium

diursnate process. Specimen pellets of U0, of two different grain sizes
have been fabricated for use In prototype irradiation experiments. Thin
plates of UO; and ThO, were prepared for fission-gas-release experiments.

The release~rate parameter, D/, for the release of Xel?3 has been
determined for additional grades of UQ,, including s specimen of fused
oxide. The activation energy assoclated with the diffusion of this
isotope was determined to be 86 kcal/mole. Previous tests had shown that
D/ increased rapidly when the sintering tempersture of UQ, was surpassed.
In tests to determine the effect of additional sintering, pellets were
resintered for 9 hr at 1900°C, and the value of D/ at 1800°C decreased
by a factor of 5.

Processes are belng developed for the preparation of fueled graphite
bodiles. Graphite fueled with UC by an admixture method and fabricated
into cylindrical shapes showed laminstions and surface bumps due to
partial oxidation of the UC during firing. This condition could not be
eliminated by purifying the furnace atmosphere.

The rate constants for the reaction of —60 +80 mesh UD, with graph-
ite at reduced pressures were determined to be 0.18 at 1275°C and 0.44
at 1375°C. Results obtained in this study have indicated that the re-
action rate is sensitive to particle size below about 1325°C and relatively
insensitive above this temperature.

The elastic moduli of AGOT graphite were determined by the sonic
method. On a specimen from a block prepared with needle coke, the Young's
modulus was essentially constant over the temperature range from 75 to
1000°F.

In order to evaluate the effects of defects in graphite fuel element

support sleeves, "brittle-ring"

and flexure-~test specimens were prepared
from selected sleeves, along with specimens containing artificial defects.
While the inclusions and laminations in these specimens did affect the
tensile strength adversely, the minimum strength was still well in excess
of the calculated stress of 1300 psi in service. Techniques are beling

developed for evaluating and Inspecting coatings on graphite sleeves.
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Spectrographic analyses of BeO containing about 200 ppm of lithium
indicate that lithium is not evolved from BeO at 850°C. The reactivity
of the BeO was measured in a critical assembly before and after heating.

Procedures are being developed for producing stainless-steel-clad,
hot~swaged rods containing U0, for irradiation tests. Densities as high
as 94% of theoretical have been achieved in the U0, in rods swaged at
g800°C. The reduction schedule and initisl wall thickness of tubing
required to achieve a final wall thickness of 0.015 in. are being
determined.

Additional data on the welght gain of stainless steel in helium
contalining CO and CO, impurities show that the reaction rates are approxi-
mately proportional to the square root of time and are not strongly
affected by the concentration of CO, plus CC. The effect of the ratio
of COy to CO on carburization of stainless steel 1s being studied. Results
of two tests indicaste that the extent of carburization depends on this
ratio.

An experimental program for investigating the creep buckling and
instantaneous collapse of stainless steel tubes is being carried out to
obtain the information needed for design of the HGCR experimental loops.
Specimens being tested at 1200°F at pressures of 400 and 600 psi have
shown no evidence of collapse. The critical pressure for instantaneous
collapse at 1200°F was determined to be 800 psi.

Investigations of the elffect of environment on the time to rupture
of seamless type 304 stainless steel tubing have shown a definite
strengthening effect in atmospheres containing CO. Mechancial property
tests on specimens from a low-carbon heat of AISI~type 502 steel having
five different heat treatments have shown that the creep properties of
the material are not affected by the environment and that the ductility
is not strongly affected by the thermsl history.

Studies of the fracture characteristics of specimens of artificial
weld~heat-affected zones from ASTM A212, grade B, plate have shown that
exposure to thermal cycles with a maximum temperature of 2400°F using
energy inputs of 150 000 and 200 000 joules/in. cause a reduction in

notch toughness.
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The reactlons of molybdenum with CO,, CO, Hp, Hy;0, and CHy, the
gases normally present as Impurities in a2 helium~cooled reactor, were
predicted from thermodynamic calculations. Refractory metals, such as
molybdenum are being considered for use in high~temperature, gas-cooled
reactors.

A geries of weldlng experiments on EGCR fuel-capsule closures has
shown that the tolerances for positioning of the end cap are not critical
but that close contact of the end cap with the fuel column will cause
regstraint of the closure weld and should be avoided. In a seriesg of
brazing experiments on mid-plane spacers, the graln sizes of capsule
tubing having various amounts of cold work were not significantly different
after typical furnace-~brazing cycles,.

A commercially available welding torch was modified for use in
remote welding of the through tubes for the EGCR loops. High-guality
welds were made on concentric-pipe specimens,

Results of studies of the reactions of beryllium with CO, over the
temperature range from 600 to 720°C have shown that the reaction is
relatively independent of pressure. One test on the reaction of beryllium
wilth water vapor at 700°C at a pressure of 1 X 10~3 mm Hg showed an even
lower resction rate than in CO, at 600°C.

In the investigation of the effect of extrusion varlables on beryl-
lium tubing, the lowest degree of preferred orientation was found in
tubes extruded by the filled-billet method from hot~compacted cores., In
general, tubing extruded at low temperatures and reduction ratios ex-
hiblted a low degree of preferred orientation and tubing produced from
hot-compacted cores by extrusion with a mandrel had a high degree of

preferred orientation.

The evaluatlon of beryllium tubing from various sources 1s being
continued. Tubing machined from block or extruded rod is of high quality,
except for the difficulty in maintaining tolerances on the wall thickness.
Much of the warm~ and hot-extruded tubing shows pitting and high-density
inclusions, as well as some axial and circumferential cracking. The
causes of excessive defect indications noted during eddy-current inspection

are belng studied.,
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Beryllium~-clad capsules of two sizes fueled with U0, pellets were
prepared for irradiation along with a group of foreign-made capsules.
Successful, crack-free fusion welds were made on these capsules. Porosity
in welds of extruded tubing continues to present a problem, but it has
been relleved by increasing the flow of inert gas during welding. Shear
tests on a series of end-cap fusion welds showed high joint efficiency,

particularly on specimens with tight~-Titting caps.

5. In~Pile Testing of Components and Materials

Irradiation in the ORR of the eight group I full-diameter prototype
EGCR fuel capsules was completed., Trradiation of 14 similar capsules
designed for various UO, burnups i1s continuing in the ETR.

Irradiation of eight group III capsules was started ia the ORR.

Six of these capsules consist of beryllium-clad solid U0, pellets, and
the remaining two are stainless steel clad. One of the stainless-steel~
clad capsules contains large-grain-~size cored pellets and the other
small~grain-size cored pellets. Irradiations of ministure capsules for
fisgion-gas~releagse determinations have continued in the LITR, A second
fueled graphite assembly is being lrradiated in the MIR.

Additional postirradiation examlnations of miniasture-capsule
experimental assemblies have been completed. A small increase in immersion
density after irradiation has been noted. Variations in grain size have
been correlated with the temperature gradient during irradiation. Columnar
growth and grain reorientation have been observed in capsules irradiated
at central temperatures of 2700°F or higher,

The eight group II capsules removed from the CRR have been dis-
mantled. Dimensional measurements have shown O- to 0.008~-in. increases
in the average diameters of the capsules.

A messurement of the pressure buildup in an EGCR prototype fuel
capsule has supported the ctrediction, based on physical property data,
that the pressure buildup from alkali-metal fission products that have

low boiling points will not be significant.

xiv



A new sweep-gas system has been installed in the instantaneous
fission~gas~release apparatus in order to assure oxygen-free gas. The

new system uses argon or helium containing 3% hydrogen.

6. Out-of-Plle Testing of Materials and Components

Examinations were made of steel specimens contalning variocus amounts
of chromium after exposure at 1100°F in a helium atmosphers to which
0.18 vol % CO had been added. The weight galns of the chromium-containing
steels were only slightly less than the weight gain of T-1l steel, but
the oxide films were considerably more adherent. Comparison of these
results with data for similar specimens tested in air at 1100°F showed
the trends in oxidation rates to be similar.

Experimental studies of the degassing behavior of selected grades
of graphite have been continued. Data on the rate of gas evolution at
600 and 1000°C were collected for the various specimens tested, as well
as data on volume and composition of gas evolved at the temperastures of
interest.

Gas permeability determinations were made on typical, uncoated,

EGCR fuel element sleeve graphite specimens, with and without joints,

and on plugs. The lateral flow of helium through these sleeves and the
graphite columns in the EGCR will affect the fuel element surface tempera~
tures. Tests on the plug specimens showed that permeabllity varied
somewhat with pressure, whereas the sleeve materials follcwed Darcy's

law, TFor plug specimens, large differences in permeability were found
when specimen shapes and flow patterns were varied.

Data obtained in tests of the proposed joint designs for the graph-
ite sleeves indicate that a graphite-to-graphlte joint is as effective
as & brass plate~to-~rubber gasket closure.

Measurements of the mutual diffusion coefficients of argon and
helium in AGOT graphite have been made at room tempersture, 0°C, and
—~65°C, The data indleate that the diffusion mechanism 1s classical and
that if mechanisms such as the gsurface diffusion which might result from
an adsorbed (liquid) layer exist, their effects must be less than the

experimental error (~8%). On the other hand, data on diffusion of fission



preducts in graphite indlcate that surface diffusion and carbide-~formation
reactions may be significant.

A second process~gas chromatograoh has been obtained for automatic
continucus gas analyses. The new wodel has improved valves and means
for external adjustment of carrier gas flow rates. Additional modi-
ficatlons have been made at the laboratory to improve the utility of
the instrument.

A procedure has been develcped for the measurement of small increments
in the concentration of helium in air. Increments of 8 to 400 ppm have
been measured with a coefficient of variation of 2%.

Investigations of the removal of radiocactive fission-product gases
from coolants and other carrier gases have been continued wilth additiocnal
dynamic adsorption measurements on charcoal. A related study of longi-
tudinal diffusion of krypton in adsorbers was made, and the heatlng
effects occurring on pressurization of charcoal traps were studied,

Further studies of the large negative drifts obtained with Chromel-
P-Alumel thermocouples in stagnant helium at 1000°C have indicated that
the protection tubes used (quartz or alumina) have no effect on the
thermocouple drift. When dull Chromel-P wires were exposed, a progressive
brightening of the wire surface occurred from the hot zone toward the
thermal-gradient region. Longer heating resulted in disappearance of
the bright £ilm in the hot zone. The bright £ilm proved to be nickel,
Experiments with a unilateral gradient furnace showed a gradual buildup
of error voltage in the thermal-gradient region during time of exposure.
Removal of the nickel film did not appreciably reduce the large error
voltages in the gradient region. Titanium wire ineluded with Chromel-P
wires in the protection tube prevented most of the negative drift but
did not eliminate it completely. Chromel-P wires tested In vacuum showed
practically no negative drift. Geminol~P wires did not show the negative
drifts in a helium atmosphere that were found for the Chromel-P wires.

Two, helical, tungsten-rhenium, stainless-~steel-sheathed, exposed-
Junction thermocouples were tested for 675 hr at 1100°C in a heliuw

atmosphere. The emf output indicated temperatures within 10°C of those
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reported by another investigator, and the emf values d1d not increase in
error when the thermocouples were cycled between 500 and 1100°C. Failure
of the Junction occurred in one thermocouple and a break in the sheath

occurred 1ln the other.

7. Development of Test Loops and Components

Installation of gas-cooled loop No. 1 in the ORR is essentially
complete and shakedown tests are in progress. A revised operational and
hazards report was prepared. Fabricatlon of the primery components of
loop No. 2 is nearly complete.

Design layouts were completed for the 5 l/2~in.-o.d. through tubes
for the EGCR in-pile loops. An evaluatlon of the axial loads indicated
that there would be no problem of buckling. Work continued on the design
of loop components, such as the gas filbters, the gas heaters, the diversion
valves, the leak detectlon egquipment, the gas transfer equipment, and the
loop coolers, The demineralized-water cooling system was modified to
provide secondary contasinment, and a study was made of the proposed cell
ventilatlion system. Hazards analyses were made that included studies
of heat removal by natural convection, transient thermal stresses in
the loop piping, and the thermal expsnsion differences of process piping
and containment plping. The dynamic behavior of the EGCR loop is belng
investigated with the ORNL Reactor Controls Analog Facility,

A preliminary study of the proposed hydrogen~cooled Iln~pile loop has
indicated the need for extensive study of potential hazards., The hazards
study has indicated the desirabllity of lowering the loop performance
specifications with respect to operating pressure and test fuel element
power,

An out-of-pile test loop is being assembled for testing ORR loop
No. 2 components. Preliminary tests of a ceramlc~metal heater-~lead geal
developed for this service were terminated when a helium leskage rate of
10 em®/min was noted at 600°F with = pressure difference across the seal
of 20 pslg. Chromalox tubular heating elements in hairpin form inserted
through and welded into a single header plate are being investigated for

gas heating.
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Two regenerative compressor units have been installed in the twin~

turbine vessel of the GC-CRR loop No. 1. The delivery of the Bristol

Siddeley compressor with gas-lubricated bearings has been delayed because
of 1nability to eliminate bearing metal-to-metal contact. A test systenm
for high-~temperature performence checks of such compressors has been
assembled.

High~temperature thermal~ and load~cycling tests of mechanical pipe
joints were continued. Tt has been found that 10-in.- and 2 1/2-in.-IPS

Conoseal Jjoints will remain leaktight at the temperatures of interest.
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Part 1. Design Investilgations






1. REACTOR PHYSICS

Suggested Operating Program for EGCR Control Rods

A problem that will be encountered in operating the EGCR, as men-
tioned previously,l 1lg that of selecting a pattern of control rod in-
sertions which will produce the deslred reactivity decrease and at the
same time result in a reactor power distribution which 1s not excessively
peaked. This problem 1ls made especlally severe by the large reactivity
inerease which results from high-power-density in-pile loop experiments,
and by the marked effect these loop experiments have on the reactor
power dlstributicn. The effect of loop experiments on the reactor power
distribution is especially adverse when only the four small loops are
being used. Thls case has been studied in considerable detall for homo-
geneous graphite—U235 experiments 1n the central loops.l A carbon~to-
uranium ratioc of 200 (0.33 kg of U233 per foot) has been chosen as &
typlcal loading, and it has been found to result in power-generation
rates of between 0.8 and 1.1 Mw, depending on the control-rod positions.

The limitatlons on the reactor power dilstributlon are most easily
discussed in terms of the axlal and radilal peak-to-average power ratlos.
By axlal peak~to-average ratlo for a glven channel is meant the ratio
of the peak power per unit length in the channel to the sverage power
per unit length. By radlal peak-to-average ratio 1ls meant the ratio of
the total power generated in the highest power channel to the average
power per channel in the core.

The maximum allowable radlal peak-to-average power ratio will be
accurately known only when the maximum capabllitles of the blowers and
the pressure drop across each component in the primary coolant clrcult
are determined. The current design basis for these quantitles permits
a meximum radial peak-to-average power ratio of ~1.35.

If the limitation on the radial peak-to-average power ratio 1s not

exceeded, the flow 1n each channel may be matched to the power generated

1"GCR Quar. Prog. Rep. June 30, 1960," ORNL-2964, p. 3.



in the channel by proper settlng of the channel orifices. The maximum
fuel element surface temperature will then be determined primarily by
the axial peak-to-average power ratio and by the axial position at which
the peak occurs. Most manipulations of the EGCR control rods will pro-
duce the desirable effect that an increase in the axlal peak-to-average
power ratlo will be accompanied by a displacement of the position of
peak power downward into a cooler portion of the core. Nevertheless,

it appears that axilal peak-to-average power ratios greater than about
2.0 must be avoided to prevent excessively high cladding temperatures.

The dilscussion of contrel rod operation is simplifled by defining
a reference reactivity point as the least-reactive condition of the
core which still results in criticallty. This conditlon exists when the
eight through tubes are emply, the reactor 1ls operating at full power,
xenon poisoning is at its peak, and there is a maximim run-down of fuel
wlth respect to refueling operations. The 1nitisl fuel enrichment is
fixed by the requirement that the multiplicatlon factor be exactly equal
to unity for the above conditlon when the control rods are fully with-
drawn, and departures from this reference conditlon will require control
rod insertion in order to maintain the multiplication factor at unity.

It is convenient to differentiate between the situations for the
initial core and the equilibrium core, since a larger operating margin
of excess reactivity will be required in the initlal core in order to
yleld satisfactory fuel-cycle economics for the first loading. This is
also desirable, since 1t will defer to a conveniently advanced date the
time at which refueling operations are required for critlcality.

The deviations of the initial and equilibrium cores from the
reference condition are listed in Table 1.1 for the case of the four
central loops conbalning experimental assemblies with a carbon-to-
uranium ratio of 200. Full-power operation with equilibrium xenon
polsoning 1s assumed.

Based on the typical control reguirements given in Table 1.1, it
1s possible to discuss the methods of control-rod programing that are

avallable for operating the core. The three methods consldered are



Table 1.1. Deviations of Initlal and Eguilibrlium Cores
from Least-Reactive Reference Condition

Reactivity (Ak)

Type of Deviation

Initial Equilibrium
Core Core
Operating margin a b
Burnup +0, 040 +0. 004
Peak xenon — equilibrium xenon  +0.007 +0. 007
Four experiments +0.042 +0,042
k (no rods) +0. 089 +0.053
excess
Control-rod insertion —0,089 —-0.053
k 0.000 0.000
excess

®pased on 12 months of operstion,

bBased on 1 month of operatlon.

(1) uniform bank operation of all control rods, (2) partial or full
insertion of a few selected control rods, and (3) full insertion of
selected control rods and uniform bank operation of the remalning rods.
The individual control rods are ldentifled 1n Fig. 1.1.

Method 1. Operation of gll control rods as a bank provides no
deliberate control of the reactor power dlstribution. For the case con-
sldered here, the radlal pesk-to-average power ratlo would be 1.76.%

In the equllibrium core an insertion to a depth of 91 in. would be re-
guired, and the resulting axlal peak-to-average power ratio would be
2.48. In the initilal core an insertion to a depth of 110 in. would be
required, and the resulting axial peak-to-average power ratic would be
2.91. Both the radial and axial peak-to-average ratios exceed the maxl-
mum allowable values.

Method 2. The situation of full insertlon of selected control
rods has been examined in considerable detaill.! TIn order to provide
the degree of radial power flattening which 1s required, the reactlvity

decrease must be accomplished with the nine central control rods, and,
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in order to prevent the axial peaklng factor from exceeding 2.0, no rods
other then the central rod can be Inserted past the core mid-plane unless
it 1s fully inserted. In order to prevent a radlal tilt of the power
distribution, a symmetrical pattern of control rods, 1in groups of four
rods, mist be maintalned. It can be shown that a continuous range of
control cannot be provided without violatling these conditilons.

Method 3. Full insertion of individual control rods and uniform
bank operation of the remalning rods appears to offer the greatest
promise for satisfactorily fulfilling the control requirements under all
anticlpated operating conditions and Incorporates the desirable charac-
teristics of the two methods discussed above. These are (1) the con-
tinuocus reactivity control provided by bank operation and (2) the positive
control of the radial power dilstributilon provided by the full insertion
of selected rods. This possibility for controlling the reactor is sug-
gested by observing that bank operatlon of the control rods produces an
acceptable axial power distribution provided the reactivity decrease due

to the bank is approximately 0.025 or less in Ak. If, therefore, discrete



Ak steps of thls maegnitude or less are avallable with the full insertion

of selected rods (and allowed by considerations of the radial power dis-
tribution), a continuous range of control will be available. A continuous
range of control is not available with the present design of the control
rod bank. Such would be provided, however, 1f the combined worth of rods
G, 0, T, and M were reduced from a Ak of 0.079 to 0.040. This modifica-
tlon would allow a continuous range of control up to a Ak of approxlimately
0.15, without exceeding a bank Insertlion greater than a Ak of 0.020. The
range up to the Ak of C.053 anticipated for operation of the equilibrium
core could be covered with, at most, a Ak of 0,015 inserted as a bank.

In summary, a reduction of a Ak of 0.039 in the worth of the rod bank
would allow adoption of the control-red coperating program lllustrated

by Table 1.2.

The feasibility of the suggested reduction 1In control-rod worth
rests upon the demonstration that the reactor wlll have sufficient shut-
dowvn margin in the most reactlve confligurstion anticipated. If the
least-reactive conditlon, as described above, 1s taken as the reference
point, the maximum antlcipated deviations from thls condition for the
hot reactor are as given in Teble 1.3.

For the reactor at room temperature, the maximum excess multipli-
cation factor will be the value given in Table 1.3 plus the change in
k in going from rcom temperature to the operating temperature and the
reduced power condition covered by Table 1.3. Thig change wlll be a
Ak of approximately 0.02 and will result in a meximum excess reactivity

in the room-temperature reactor of

kexcess = 0.124 + 0.020 = 0.144 .

These values for the maximum excess reactlvity (0.124 in hot reactor,
0.144 in cold reactor) must be compared with the worths of the bank of
control rods for these two conditlons In order to determine the maximum
shutdown multiplication factor for the hot and cold cores. The control

rod worths and maxirmum shutdown multiplication factors are summarized in



Table 1.2. A Possible Control-Rod Operating Program
Based on a Reduction in the Worth of Rods
G, 0, T, and M to a Ak of 0.040

Degired Range Max Imum
of Control Fully Inserted Rods Ak in
(Ak) Bank
(0.000-0.025) & (None) (0.025)
0.000-0.025 Partlal to full insertion 0.000
of rod N
0.025-0.040 N 0.015
(0.040-0.050) (W) (0.025)
0.040-0.050 G, O, T, M 0.010
0.050~-0.060 G, 0, T, M 0.020
0.060-0.070 N, G, O, T, M 0.010
0.070-0.090 ¥, H S, U 0.020
C.090-0.100 N, P, H, S, U 0.C10
ete.

S The generally less

in parentheses.

Table 1.3.

desirable options are enclosed

ticipated Maximum Deviations from
Least-Reactive Condition

Type of Deviation Ak
Allowance for fuel burnup (12 months +0. 040
for initial core)
Complete decay of xencon +0.028
Reactivity of elght experiments +0.050
Cperation at reduced power +0.006

+0. 124




Table 1.4 for a 21-rod bank in which rods A, Q, Z, and K are milssing.
This condition 1ls considered to he the present deslgn configuration.
Since 1t was assumed for the caleculations summarized in Table 1.4
that all control rods were lnstalled In the core and were operable, 1t
is necessary to consider the condition of the reactor when (1) control
rods are removed for repalr, (2) control rods are removed for service
machine access, and (3) control rods are stuck In the retracted position.
The minimum departure from the condition of Table 1.4 that is allowable
1lg given by assumlng that one rod ls out for repair and one rod sticks
in the retracted positlon when a shutdown 1s attempted. 1In order to
be congervative, it is usually assumed that the unavallable control rods
are those with mexlmum worth, but it is lwportant to observe that this
condition cannot occur when the core has a high shubtdown multiplication
factor if method 3 1s used for controlling the reactor. For example,
with eight experimental assemblies In the core, representing the most
reactive anticipated condition, the four or five most valuable rods will
already be fully inserted at the time the shutdown 1s attempted. Of the
rods remeining in the retracted positlon, the most valuable will e worth
a Ak of 0,015. If three of these are not available for shutdown for any
of the three reasons listed above, the shutdown multiplication factor
will still be 0.948 in the hot core and 0.995 when the core cools to
room temperature, as may be seen from Table 1.4. Situations in which

the most valuable rods are 1n a retracted position when the shutdown

Table l.4. Values of the EGCR Control-Rod Worths and Shutdown
Multiplication Factors for Three Core Conditiong

Control Rod Shutdown
Core Condition Worth Multiplication
(~k) Factor (k)
Operating temperature, 8 experiments 0.221 0.903
Room temperature, & experiments 0.194 0.950
Room temperature, no experiments 0.223 0.871




is attempted correspond to conditions of less ilvherent reactiviity of the
core (as wlth no experiments, for example), and even if these rods fail
to insert the situation is improved over the cagse considered above,

Several additlonal dlistinct advantages may be listed for method 3
as a standard operating program for the control rods:

1. The peak in the axial power distribution occurs in the range
of 65 to 80 in. from the bottom of the core. Thils places the positions
of maximum power density well into the instrumented portions of test fuel
assemblies, in contrast to the result wlth method 1 and 2 which would
place the peak at about 50 1n. or less from the bottom of the core.

2. A range of reactivity control of 0.025 in Ak may be obtained
wlth no appreciable change in the radial power distribution. This 1s
a highly desirable feature that 1s not provided by method 2 and which
minimizes the required frequency of meking orifice changes.

3. All anticipated reactor operating conditicans produce very
nearly the same power distribution in the core. This is a result of
the nearly complete control over the power dilstributilion which 1s provided,
and 1t simplifies the cholce of conditions for the analysls of operating
or accldent conditions.

4. Manlpulation of the control rods during a reactor startup i1s
greatly simplified wilth respect to method 2. All control rods, except
these to remaln fully inserted, may be withdrawn as a bank until the
deslred operating condition of the core 1s obtalned.

5. Physics analysis of the core 1s much simpler than with method
2. This will aild in predicting the operating conditions at a given
startup.

The major disadvantages whlch willl result if the core 1s operated
in the suggested manner are the followlng:

1. A decrease In a Ak of 0.039 for the shutdown worth of the con-
trol rod bank is required. This appears to present no hazard, but it
may result in slight restrictions In flexibility of operation. For
example, 1f one rod 1s removed for repair, another rod should not be

removed for service-machine access to the core i1f the core 1s 1n its

10



condition of maximum inherent reactivity. In a condltlon of lower

reactlvity this restrlctlion would not be present.

2. The axial peak-to-average power ratlo 1s very nearly the same
in all chamnels. If the axlal peak-to-average power ratio is hilgh, thils
is a dilsadvantage compared with the case wilith method 2, which generally
results 1n low output power from the channels wlth the highest axial
peak~to-average power ratlos.

3. More spare control rods will be regulred to allow for the
occurrence of an unusual operating conditlon In the reactor which re-
quires full-worth rods in all positions.

The gelection of any method as standard for operating the control
rods must not be consldered to he an exclusion of all other methods.

The wilde range of operating conditlons anticipated for the EGCR will
certainly include some which cannct be handled by the combination of
fully inserted rods and bank operation suggested here, but these condi-~
tions constlitute speclal problems for which speclal solutions must be
sought by the reactor operator. It 1s lmportant that the Initial
critical experiments and shakedown operatlon of the reactor Include a
complete study of control-rod reactivity worth and effect on the reactor
power dilstribution, since thils Information willl be essentlal to dolng

accurate core analyses durlng subsequent operation of the core.

Heat Depositlon 1n the EGCR Control Rods

Calculations have been made to determine the amount of heat that
wlll be deposited 1n the EGCR control rods. The cases which have been
conslidered have been chosen largely Lo conform with situetlons which
wlll arlse with the proposed methoed of control-rod programing described
in the precedlng section. In this manner of operating the reactor, cer-
taln selected control rods near the center of the core are fully in-
serted, and the remslining bank of rods iz inserted to a maximum depth
of about 5 ft.

As 11lustrated In Téble 1.5, the heat deposltion in any control rod

depends to a considerable extent on the positlions of all the other control

11



Table 1.5. Axially Averaged Heat Deposition in Fully
Inserted EGCR Control Rods

Rods Rod Q
Inserted Described (Btu/hr- £t)
N N 7340
G, 0, T, M @ 6165
G, 0, T, M® Ge 3265
N, G, 0, T, M N 4465
N, G, O, T, M G 5665
N, G, O, T, M& Ga 2965
c, P, X, L 2 4675

®Rods G, 0, T, and M reduced in worth from 0.079
to 0.040 in hot core.

rods. If any control rods are fully inserted into the core during full
power operatlon, they wlll normally be elther rod N; rods G, O, T, and
M; or rods N, G, 0, T, and M. Although these rods may routlinely be fully
inserted, any control rod may at some time be fully inserted when the
reactor 1ls at full power.

On the basis of ecalculations such as those described in Table 1.5,
the maximum antlclpated heat deposition in each rod when fully Ilnserted
is as tabulated 1n Table 1.6, and axlal varlation 1s as shown In Fig.

1.2 for a 62-in. Insertion of the remalning rods.

Table 1.6, Maximum Anticlpated Axilally
Averaged Heat Deposition in Fully
Inserted EGCR Control Rods

Control Rod™ g (Btu/hr-ft)
N 7500
0, U, T 6500
P, VvV, ¥, X 5000
Q, 7° 3000°

®one quadrant of the ccre 1s shown;
other quadrants are the same.

bThese rods will not be installed in
initial core.

12
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Fig. 1l.2. Axlal Distribution of Heat Deposition in Fully Inserted
EGCR Control Rods.

When the bank of control rods in inserted 62 in. to give a Ak of
0.025, the total amount of heat deposited in the rods will be 1.8 X 107
Btu/hr. The axially averaged heat deposition rate in each rod for a
representative case is glven in Table 1.7, and the axlal varlatlon is
as shown in Fig. 1.3. The axial variation shown 1n Flg. 1.3 includes

the peaklng factor for the tip of the rod.

Table 1.7. Axially Averaged Heat Deposition
in Bank-Operated EGCR Control Rods
for a 62-1in. Insertion

Control Rod” Q (Btu/hr.£t)
N (Fully inserted)
0, T 2570
U 2080
P, X 1700
v, Y 1410

®0ne gquadrant of the core 1s shown.

13
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Flg. 1.3. Axlal Variatlon of Heat Deposition in Bank-Operated
Control Rods for 62-1n. Insertlon.

Gamma-Ray Heat Deposition in the EGCR Core

In the EGCR core a fraction of the total fisslon energy is not
deposited near the point of fission but is transported outside the fuel
elements and deposited In other parts of the reactor. The carrier
mechanlism for this transported energy is primarily the penetrating
gama rays and fast neutrons. In order to determlne the over-all core
cooling requirements, informatlon on the heat-deposition rates 1n the
moderator and other core component materials 1s required. A study has
therefore heen made of the gamma-ray heat deposition rates throughout
the EGCR core as a function of radlal and axlal position. This study
differed from a previous study? in that a more detalled analysls was

made of the fraction of gamma-ray energy wnich escapes a fuel element

2"GCR Quar. Prog. Rep. March 31, 1960," ORNL-2929, pp. 3~5.
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and a revised gamma-ray source spectrum was used. The total gamma-ray
source was taken as 20.74 Mev/fission, with 9.25 Mev/fisslon escaping
from the fuel rods. A breakdown of the various gamme-ray energy sources
in the EGCR fuel element is given in Table 1.8. In addition, the calcu-
latlons are based on a reactor power dlstribution corresponding to a
more typlcal operating condition than was used 1In the previous study.

Becguse of the complex nature of the interaction of gamma rays wlth
matter, the varying operating conditions of the EGCR core, and the com-
plicated geometries involved, the following simplifylng assumptions
and initlal conditions were selected:

1. The radial and axial power distributlon in the core 1ls that
resulting from the operating condition in which the four central loops
contaln homogeneous graphite-uranlum experiments (C/U = 200), with the
central control rod fully inserted, and all other control rods in a
bank inserted to 62 in,

2. The energy~distributed gamma-ray source spectrum is that calcu-
lated for the core reactlon rates whieh prevail at 5000 MMd/T in an
equilibrium cycle to 10 00O de/T. The energy-distributed spectrum is

represented by six discrete energy groups.

3. The seven-rod cluster fuel elements are represented by finilte
long-line sources whose gemma-ray source strengths, S(x,y,z), are pro-

portional to the reactor power distribution, P(x,y,z), and to the fraction

Teble 1.8. Sources of Gamma-Ray Energy in the EGCR Core

Energy
Gamma-~Ray Source (MEv/fission)

Prompt fission and U?3%, pu?3%, Pu®4l capture 9.25
Fission-product decay 7.00
Stainless steel capbure 1.74
U238 capture 2.50
U236 gng pu?40 capture 0.25
Total 20.74

15



of gamma-ray energy In the actual volume-dilstributed source region which
succeeds In escaping from the cluster.

4. The gamma-~ray heat deposition rate at & poilnt in the reactor i1s
the sum of the contributions of all of the fllament sources to the heatb-
ing at that polnt. The contribution of a single filament source is
calculated by direct exponential attenuation modlfied by an energy-
absorption builldup factor.

For a given gamma-ray energy group, that fraction of the total

ganmma-ray energy which escapes from a seven-rod cluster 1s taken as

+P(7,0) - aq —
'A/.'{; s(r) e BE[IJ—TP(P)@_)] Z’%dr B)

where

8(r) = gamma-ray source strength as a function of positilon
in the cluster,

= point of gamma-ray origin in the cluster,
= directlon of gamma-ray trajectory,

P(E%?D = the stralght-ahead dilstance in UO, and stailnless steel
traversed by a gamma-ray origlnating at r and leaving
the cluster in directilon Q,

= total linear attenuation coefficient of the U0, and
stainless steel medlum,

energy bulldup factor of the medium.

i

Byl P(r, %) ]

The seven-rod cluster was taken as belng Infinitely long, and the in-

tegral was evaluated over a 47 solld angle and the cluster cross sectlonal

area, A. The function P(E;ED was first determined for the seven-rod
cluster with the use of the IBM-704 computer. The double Integral given
above was then evaluated by means of a fifth-order Gaussian quadrature
procedure on the computer. The results of this phase of the study are

given in Table 1.9,

16



Table 1.9. Seven-Rod Clustera Self-Shielding Factor

b
Energy Group Fllament Sources

(ﬁiv) Escape Fraction (Mev/fission)
0.5 0.2237 1.156

1.0 0.4458 2.648

2.0 0.5698 3.413

4,0 0.5782 1.104

6.0 0.5584 0.365

8.0 0.5280 0.5'70

8,

The oxide rods have dimensiong 0.707 in. o.d. by
0.323 in. 1.4.; the steel tubes are 0.750 in. o.4. wilth
a 0.020~in. wall; the slx outer rods have thelr centers
on a 2-in.-dlam cirecle.

bEnergy escaping from cluster.

Contributions of each energy group to the gamma-ray heat deposi-
tion rate at a polnt in graphite, for a filament source, have been

evaluated on the IRM-704 in watts/cm3 according to the formula

T s(x,u) B,(E) e ©
HR(x,y,z) = f by dz ,
2
0 4TR

where
Rg = dilstance In graphite from source polnt to sink point, cm,
R = total distance, cm,
B, = energy absorptlon bulldup facter for graphite,
Hp = energy absorption coefficlent, cm“l, for graphlte,
5(E,z) = filament gamma-rsy source strength, watts/cm,
H = height of reactor, cm.

The results of integrating the computed head deposition rates over
quadrants of each moderstor column in the EGCR core are shown in Table
1.10. The point (0,0) corresponds to the center of the reactor. The
total gamme-ray heating (kw) in graphite is given for each guadrant of
the square graphite column (16 x 16 in.). This heat depositlon includes
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Table 1.10. Gaxma-Ray Heat Deposition (kw) in Graphite Columns
of Southeeast Quadrant of EGCR Core

80

x (in.)
(0,0) 16 32 48 64
15.04%  16.82 | 19.24  20.17 | 19.19  17.25 | 15.05  12.50 | 9.14  2.11i
16. 82 6.77 | 18.66  19.79 | 18.67  16.73 | 14.46  11.74 | &.31  1.85
16
19.24 18.66 19,19 19.06 17.58 15.53 13.26 10.28 7 Olb
20.17 19.79 | 19.06  17.77 | 15.8  13.60 | 11.34 8,42
32
: 19.19 18.67 | 17.58  15.8, | 13.28  10.46 8.20 6.04 0. 48
Z 17.25 16.73 | 15.53  13.60 | 10.46 4. 07 2.23 1.42
by 48
15.05 14.46 | 13.26  11.3% 8. 20 2.23
12.50 11.74 | 10.28 8.42 6.04 1.4.2
6
9.4 8.3% 7,01 2.48
2.11 1.85
80

a., N . B
Deposition in one quadrant of core column.

bTotal deposition in core column.



the heat deposited 1n the graphlte fuel assembly sleeves, which iz about
30% of the total heat in each column quadrant.

The detailed features of gamma-ray heating In a quadrant of a
graphite column are shown in Table 1,11 and Flg. l.4. These gamma-ray

Table 1.11. Gamma~Ray Heal Deposition Rates in a Symmetry
Cell of a Graphite Column Quadrant Based on a
Uniform Reactor Power Distribution

Pogition Shown  Gamma Heating  Position Shown - Gamma Heating

in Fig. 1.3 (w/cm3) in Fig. 1.3 (w/cm®)
A 0,0753 I 0.0926
B 0.0769 J 0.0938
C 0.0805 K 0.1130
D 0.0839 L 0.1020
B 0.0870 M 0.1175
F 0.0810 N 0.1020
G 0.0880 0 0.1435
H 0.0905 P 0.1436
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Fig. 1.4. Symmetry Cell of an EGCR Graphite Column Quadrant.
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heating rates are based on the assumptlion of uniform power distribution
throughout the volume of the EGCR core. Since nearly all the gamma-ray
heat deposition at a gilven point is from gamma-ray sources located with-
in a distance of about 20 in., it 1s felt that a reasonable estimate

of gamma~-ray heating for a particular power distribution can be obtalned
by renormallzing the results shown in Fig. 1.4.

A study has also been made of the gamma-ray heat depositlon in the
fuel assembly sleeves, the small and large loop tubes, the large loop-
tube graphite plug, and the control rods. The additlonal heat deposition
due to a 1-Mw seven~-rod cluster experimental fuel assembly operating in
either a small or large loop tube has been estimated. Concurrently, a
study to determine the heat deposition rates due to fast neutrons is

being conducted and is near completion.
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2. REACTOR DESIGN STUDIES

BEGCR Puel Assemblies

Hot-Channel Factors

The hot-channel factors have been determined for the EGCR core for
both the normal opersting case and for a channel with an additional 10%
heat input. In all cases the hot-channel factors have heen applied to
the highest power channel. In addition to uslng the highest power channel,
the factors are applied Lo the case of 62 in. insertion of the control
reds. Since this case represents the most severe operating condition
that can be visuallzed and glves the maximum flux pesking, the flux un-
certainty used 1in the calculations 1s small and represents only the un-
certainty in the flux for the case consldered. Tt i1s gqulte probable that
the degree of accuracy with which the fluxes willl be known for actual
operating cases will be considerably greater, but, slnce the conditions
analyzed are meximum operating limlts, the use of the smaller uncertainty
is Justifiable.

The largest single contributlon to the hot-channel factors is the
uncertainty in the heat transfer coefficlent, which, for these calcula-
tions, is considered to be t10%. As reported previously,l the experi-
mental data flt the correlations used to calculate the nominal temperature
to within #5%. Two recent reports® 2 have given values of the heat trans-
Ter coefficient of helium and a comparlson with other gases. The NASA
report® compares results obtained for helium and for air and shows the
helium coefficient to be a few per cent higher than that for alr. The
helium properties used In the NASA analyses are almogt 1dentlcal to those

1"GCR Quar. Prog. Rep. June 30, 1960," ORNL-2964, pp. 23-26.

°M. E. Davenport and P. M. Magee, "Heat Transfer to a Gas at High
Temperature,” Technleal Report No. 247-1 (May 1960), Nuclear Technology
Laboratory Stanford University.

M. F. Taylor and T. A. Kirchgessner, "Measurement of Heat Transfer
and Frietlon Coefficients for Helium Flowing in a Tube at Surface Tempera-
tures Up to 5900°R," NASA-PN-D-133 (October 1959).
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for the EGCR helium, and therefore it 1s probable that the extrapolations
of air data to the EGCR hellum operating condltions were conservative by
4 or 5%. This conclusion 1s fortified by recent data on the thermal con-
dvuctivity of helilum which indicate that the thermal conductivity data
used in the EGCR calculations were probably 5 to 10% low. Thus, the +10%
factor used, although much less than the 30% used in the hazards summary
report,* is justified by the additional experimental data for both heat
trangfer and thermal conductivity.

Ten items are considered in a hot-channel analysis. FEach of these
items 1s treated as a random variable whose frequency function is assumed
to be rectangular. The assumptlon that the frequency functlons are
rectangular ls made both for simplicity and for comservatism. When one
specifies a dimension or deslgn parameter as some value plus or minus
a given uncertainty, it would be expected that the actual value would
lie wilthin the plus or minus bounds specifiled and would most probably
peak near the specified value. Rather than attempt to anticlpate the
frequency function of each varlable, it has been assumed that any value
between the two extremes is equally likely; that 1s, a rectangular dis-
tribution is assumed. The factors consildered, the tolerance range on
each factor, and the varlance are listed In Table 2.1.

Two cases were consldered, normal operatlon and cperation with an
additional 10% heat input. For normal operation the weight-flow term is
expressed 1n terms of filve other varlables which appear 1n the first
columm. This is due to the "feedback” from the exlt gas temperature and
the orifice position. In the second case 1t 1s assumed that the channels
recelving the additional 10% power do not receive any additional flow.
These conditions require a different analysis in that there 1s no longer
any "feedback' from the exit gas temperature to the orifice position;
thus, the precision with which the flow 1s known must be calculated for
the normal operating case and then applied to the new conditlions. The
data for both cases are for the orifilces set for uniform exit gas tem-~

perature from all channels.

4"Experimental Gas-Cooled Reactor Preliminary Hazards Summary Report,”
OR0-196 (May 1959).
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Table 2.1. BGCR Hot-Channel Factors

OQutlet gas temperature: 1075°F

Maximum surface temperature: 1466°F

Film temperature drop et maximum surface temperature: 621°F
Gas temperature rise to maximum surface teuwpersture: 335°F
Inlet tempersture: 510°F

Normal Cpersatlon
Plus 10% Additional
Heat Input

Normal Operation

Hot-~Channel Factors

. Varlance
Deviation (°F2)

Variance

Deviation (oFg)

1. Inlet temperature +10°F 7.458  £10°F 33.3
2. TFission cross section 2% 2.050 2% 147.6
3. Radial flux £1% 0.513  +£1% 36.9
4. Axial flux +2% 121.9 +2% 147.6
5. TFuel volume per length +1 1/2% 28,92 1 1/2% 35.03
6. Sleeve diameter +1/6% 4.320 £1/6% 5.23
7. TFuel rod diameter +4/5% 59,23  +4/5% 71.6
8. Heat transfer coefficlent +10% 1285 +10% 1555

9. Thermocouple error 125 % 452.0
10. Indicated thermocouple reading  +25°F £52.0
11. Coolant welght flow 1314

o= 57.8°F

o = 49,1°F

The variance of the sum of all the factors is the sum of the indi-
vidual variances, and the standard deviation of the sum of all factors
is the square root of the variance. Thus the result is the standard
deviation of some, as yet unknown, frequency function. As the number of
factors considered increases, the frequency function of their sum must
approach a normal freguency function. As shown by Abernathy,5 the sum
of Tive rectangular frequency functions very closely approaches a normal
distribution, so the addition of five more factors can only further
decrease the difference between the actual and a normal distribution.
The probability wvalues given in Table 2.2 were therefore based on a
normal distribution.

The data of Table 2.2 give the probabllity of the surface tempera-

ture of any one element exceeding the expected temperature by the amount

5F. H. Abernathy, "The Statistical Aspects of Nuclear Reactor Fuel
Element Temperature,' ORNL CF-60~7-31 (to be published).
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Table 2.2. Probability That the Fuel Element Surface
Temperature Will Exceed the Mean Surface
Temperature by the Indicated Amount

Probability
%i?ﬁ:ﬁiiﬁie Norgal Operation Operation at 10% Above Normal
(°F) T = 1466°F T = 1562°F
0 = 49.1°F o = 57,8°F
Max. Dev. = 190°F Max. Dev, = 284°F
0 0.500 0.500
10 0.420 0.431
20 0.342 0.367
30 0.270 0.301
40 0.207 0.247
50 0.152 0.192
60 0.1115 0.150
70 0.0770 0.113
80 0.0520 0.0830
90 0.0335 0.0600
100 0.0209 0.0415
110 0.0125 0.0284
120 0.0074 0.0189
130 0.00405 0.0123
140 0.00219 0.00775
150 0.00111 0.00470
160 0.00056 0.00283
170 0.000275 0.00162
180 0.0001.24 0.00093
190 0.0000 0.00051

shown. The number of assemblies in any channel which can be subjected
to these high uncertainties is two; the number of individual elements
per channel is 14; and for normal operation the total number of elements
in the reactor i1s 3248. The values in Tables 2.1 and 2.2 are based on
a uniform exit gas temperature from all channels, so the lower power
channels will have lower surface temperatures and also smaller hot-—
channel factors. Thus the effective number of elements to which the
probability figures of Table 2.2 apply will be somewhat smaller than
the total number of elements. The channels that may experience the

temperature indicated for operation at 10% above normal will be limited
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to those adjacent to an empty fuel channel, or, at most, elght channels,

Thus the number of elements to consider for this case 1s 112.

Failure Criteria

The ultimate objectlve of all of these analyses is to evaluate the
over-all performence of the fuel elements, which, in the reactor, will
be measured by the nuber of failures. If it is assumed that the fuel
assemblies are properly fabricated and inspected, the two factors which
will lead to failure are excessive temperatures and/or excegsive fisslon~
gas release. Either of these factors or a comblnation of the two must
be considered in estimating a failure rate for the EGCR fuel elements.
The maximum allowable temperature has been set at 1800°F, and any element
operating above thls temperature ls assumed to fail. Both physlcal
property and compatibility data on type 304 stainless steel are now
available up to 1800°F, and satisfactory operation at this temperature
appears to be possible. The selection of 1800°F as the polint of fallure
is based primarily on the lack of data above this temperature and not on
any specific properties or reactions.

The second method of failure postulated for the fuel elements 1s
rupture as a result of internal fission~gas pressure bulldup. For this
case it 1s assumed that the operating time of the element will be limited
to the time when the Internal pressure on the capsule is equal to the
external pressure. Agaln, this limlt 1s conservative because the cladding
has considerable strength and any failure must result from excessive
creep strain and be time dependent. It should be emphaslized that this
analysls is for normal long-~time operation only. TFor short~time temperaw
ture excursions or the maximum credible aceident in which the coolant
system pressure 1s lost, the determination of failures should be based

on the tube~burst data reported previously.6

8"GCR Quar. Prog. Rep. Dec. 31, 1959," ORNL-2888, p. 78.
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Fission~Gas Release

In studying the fisslon~gas release and pressure buildup within a
fuel element, a diffusion coefficient of 1070 sec™ at 1400°C and an
activation energy of 70 kcal/g-mole up to a temperature of 1600°C are
assumed for normal operation. For long-time operation above 1600°C,
it 1s assumed that there is 100% release of the fisslon gas. For short-
time accident conditions and a temperature of 1600 to 1800°C, a linear
release rate of 2% is assumed for the first 1 1/2 hr, and a release rate
proportional to the square root of time is assumed thereafter. The
additional release between 1 1/2 and 9 hr is assumed to be 8%. For
short times between 1800 and 2000°C, a linear rate of release of 1%/min
is assumed. For short times above 2000°C, it is assumed that there 1s
100% release of the fission gas.

These design data evolved from an analysis? of determinations made
in four types of experiments: (1) postirradiation measurements of the
rate of release of Xel33 or Xr®? from neutron~activated samples of U0,
in the temperature range 1000 to 2000°C, (2) postirradiation puncture
test of miniature capsules irradiated in the LITR under EGCR conditions,
(3) puncture tests of prototype EGCR fuel capsules after irradiation in
the ORR and the ETR, =nd (4) the instantaneous fission-gas-release
experiments in the C-l lattice position of the ORR. The actual values
of D/ at 1400°C found from the experiments ranged from 10710 to 10~1%;
thus the design value used is an upper 1llmit for the release rate.
These values are in agreement with those obtained in recent work at
Chalk River.

These design data were applied to the EGCR operating conditlons,
and the U0, temperatures and the filssion=-gas pressure buildup were com~

puted by use of a coded developed for the IBM=704. In using the code

7J. L. Scott, "Interim Report on Release of Fission Gases from UO,,"
ORNL CF-60-8~15 (to be issued).

8. W. Rosenthal, "PANDORA — A Computer Program for Estimating
Fission Gas Release and Its Effect on the Mechanical Life of Clad Fuel
Flements," ORNL CF-60-5-1 (to be issued).
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an assumpbtion must be made for the gas-gap, or contact resistance, between
the cladding and the UO,. TFor the results reported below, the resistance
was assumed to be equivalent to a 0.001l-in. gas gap. The transfer of
heat across the gap is by conduction and radiation, and therefore, as

the fission gases dilute the helium with which the capsule is originally
filled, the conductance is reduced. The variation In conductance across
this resistance for the element operating under the most adverse condi~
tions is from 2100 Btu/nr.ft2.°F at initial conditions to about 580
Btu/hr-£t2.°F at the end of an exposure of 9600 Mwd/MT. This is the
burnup received by any assembly experiencing the largest gas release in

a channel which receives an average of 9800 Mwd/MI for the entire channel
of six assemblies.

In selecting the gap resistance for the elements, several factors
were consldered. The cold clearance between the cladding and the UQO;
pellets may vary from 0.002 to 0.006 in. on the dlameter; i.e., a mean
gap width of 0.001L to 0.003 in. Examination of the relative behavior
of the cladding and pellet under reactor operating condltions shows
that, for the peak power region that is of primary concern, the U0, will
grow and close the cladding-to~U0; gap. The final hot clearance as a
function of the cold clearance for 100% helium as the fill gas and for
a fill gas with a conductance 0.276 times that of 100% helium 1s shown
in Fig. 2.1. The lower conductance is that for the gas in the gap at
the end of life of an element. The conditicns for this curve correspond
to those existing at the hlghest temperature region of the reactor where
the fissionw~gas~release rate is a maximum. As the fission products are
released from the UDp, the helium is diluted and the U0, temperature
increases and reduces the gap as shown by the lower curve of Fig. 2.1.

In addition, the cladding will collapse onto the pellets. Tests
have been completed in which the temperature gradient in the U0, has
been simulated by a tantalum resistance heater inserted down the center
of a stack of clad U0, pellets. The cladding, when subjected to a mean
temperature of 1400°F and an external pressure of 320 psia, collapsed
onto the pellets in 24 to 36 hr. TNo longitudinal wrinkles were formed,

even though the original diametral clearance was about 0.010 in.
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EGCR.

No hot~channel factors
have been applied to the
analysis of the U0, tempera-~
ture cr to fission~gas release.
The U0, temperature 1s de~
pendent on the four factors:
heat generatlon rate, gap
resistance, quantity of gas
released, and thermal conduc-
tivity. The heat generation
rate has been assumed to be
the maximum (62 in. insertion
of control rod bank) for the

entire life of a fuel channel.

The equivalent gap resistance used is the same as that assumed in the

hazards summary report4 and 1s Dbelieved to be conserative.

The flssion-

gas release is calculated from the maximum value of D’/ found from the

experimental program.

The value of thermal conductivity is based on

the data of Hedge and Fieldhouse® and has been found to be in good

agreement with the data for irradiated U0, that have been obtained by

both Westinghouse and Chalk River,.

Thus, the use of the upper expected

value for three of the four factors affecting the UO, temperature and

fission~gas release leads to calculated values which are conservative,

and no additional allowances are warranted.

In addition, the fuel

elements will be examined at different stages of their 1ife in the

reactor to determine the actual fission-gas-release rate and, if necessary,

their lifetimes will be 1limited to prevent hazardous operation.

The internal temperature profile, fisslon~gas release, and internal

pressure for each fuel assembly in the maximum power channel for the

inverted fuel loading program have been compubted using the fuel element

?J. C. Hedge and I. B. Fieldhouse, "Measurement of Thermel Conductiv-
ity of Uranium Oxide," Armour Research Foundation Report G022D3 (1956).
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1ife code. Table 2.3 glves the vesults of calculations for the reactor
operating with the central control rod fully inserted, the balance of

the control rods inserted as a bank to a depth of 62 in., and the fuel
channels orificed for a uniform coolant outlet temperature of 1075°F.
As discussed sgbove, a constant cladding-to-U0, radial gap of 0.001 in.,
a noble~fission-gas effective diffusion coefficient of 1070 sec™! at
1400°C, and a fission-gas-diffusion activation energy of 70 kcal/g-mole
up to 1600°C were assumed in this analysis. Since these fission-gas
diffusion parameters apply only for U0, temperatures of 1600°C (2912°F)
or less, the axial temperature profile in each assembly was computed

from the average cladding and UO, temperabures of the fission-gas-release

Table 2.3. Results of EGCR Fuel Elewment Life Caleulations

/7 — -10 .n=1
D1400°C = 10 sec

E =170 keal/g-mole

Fuel Assembly

A B c D E F
Initial assembly position within 1 (top) 2 3 4 5 6 (bottom)
fuel channel
Heat generstion rate, Btu/hr.ft 800 4 500 19 000 32 700 30 800 14 900
Average surface temperature, °F 1 020 1120 1 270 1 350 1150 765
Pesk surface Lemperature,a °F 1185 1 245 1 475 1575 1 535 1160
Internal pressure at exposure 43 49 77 172 29 51
pericd midpolnt, psia
Proportion of fission gas released 3.0 3.0 3.0 8.8 3.5 3.0
at exposure period midpoint, %
Fuel exposure at exposure period 200 1 200 5 400 9 400 8 800 4 300
midpoint, Mwd/MI of uranium
Channel position of fuel assembly 4 5 6 1 2 3
during second half of exposure
periocd
Internal pressure at discharge, 192 107 61 84 66 87
psia
Proportion of fisslon gas released  10.5 3.6 3.0 8.7 3.4 3.0
at discharge, %
Fuel exposure at discharge, 9 600 10 160 9 700 9 600 10 100 9 700

Mwd/MP of uranium

HNalue gilven 1s 100°F above calculated maximum surface temperature to allow for hot
spots.



calculations and the detailed axial surface temperature and power distri-

bution dats.

As shown in Fig. 2.2, approximately one~third of the inner

surface of the UQ, in channel position 4 operates at a temperature in
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excess of 2912°F, At the end of life, when the quantity of U0, at thils
temperature is a maximum, 1t amounts to only 2% of the total oxide volume
in the capsule. The fuel exceeds 2912°F only during the last 120 days

of irradlation (total exposure time is 1040 days); therefore the assump-
tion of 100% release of the fission gases generated in this volume in-
creases the total internal pressure only from 172 to 192 psia and the
average gas release only from 9.1 to 10.5%. None of the fuel assemblies
have final internal pressures in excess of the coolant pressure of 300
psia, and only the assembly in position 4 significantly exceeds an internal
pressure of about 100 psia during the last half of its exposure period.

A second series of fuel 1life calculations was made with a constant
0.002-in. radlal gap and all other conditions the same as in the case
described above. The results of these analyses show that the fuel
assembly I1nitlially loaded in channel position 4 will achleve an inbernal
pressure slightly in excess of the coolant pressure and will accumulate
a very small creep straln of the cladding very near the end of the first
half of the exposure period. The internal pressure in this asseumbly
during the second half of its exposure (in channel position 1) is well
below the coolant pressure, snd no further creep strain is accumulated.
The assembly which 1s in channel position 4 during the second half of its
exposure perlod simllarly achieves an Internal pressure in excess of the
coolant pressure and accumulates a small creep strain. The strain reached
in both these cases is well below the rupture strain. A portion of the
fuel in both positions 4 and 5 will exceed a temperature of 2912°F near
the end of the exposure period. The effect of the additional rzlease
due to this condition has not been factored into the internsl pressure
calculations, since, as shown above, the 0.002~in. radial gap conditlon

does not truly apply in the high~power-density areas of the core.

Pressure Drop

The pressure drop across the six fuel assemblies in the highest
power channel has been calculated from the air test data taken by Allis-

Chalmers. An extrapolation of these data to helium operating conditions
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gives a predicted pressure loss of 9.22 to 9.44 psi. The 9.22-psi value
is for the case in which all six assenblies are aligned and the 9.44~psi
value is for the case in which each assembly is rotated 30° with respect
to those on either side. These losses inelude the entrance loss to the
first assembly and the exit loss from the last assembly, but they do

not include the losses in the dummies. The calculated losses are based
on a flow of 2390 1b/hr, which is the flow in the hottest channel for
the operating condition in which the orifices are set to control the
maximum Tuel element surface temperature. The exit gas temperature
from this channel was 1052°F. If the channel is orificed to fix all
exit temperatures at 1075°F, the pressure drop will be reduced by 4

or 5%. The maximum calculated loss of 9.44 psi is Just within the 9.5

psi requested for the assemblies.

EGCR Control Rods

The design of the EGCR control rods has been modified to overcome
difficulties encountered in attaching the central wire rope to the inside
of the rod. The results of tensile tests made on stainless steel wire
rope specimens indicated that, while a satisfactory attachment melhod
could probably be developed, a portion of the rope would be in a fully
annealed condition. The strength of the annealed portion of the rope
would therefore be the same as an equlvalent cross-~sectional area of
stainless steel rod. The only advantage of using a wire rope instead
of a so0lid rod would then be that the rope would be more flexible., Since
the 20~ft~long segmented rod is required to fall into a hole having a
maximum bow of only 1 in., a solid 3/8-in.-diam stainless steel rod
having fewer internal spacers was shown to be adequate for this design
requirement.

The current design consists of four spring-loaded 5-ft-long segments
having a ball-and-socket type of joint with a 3/8-in.-diam.rod attached
to spiders at the top and bottom of the control rod. One centering

spacer on the 3/8~in. rod is used in each segment. Work has started on
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agsenbling a mockup of this design with aluminum fillers in place of
B4C fillers.

Additional. calculations on the thermal characteristies of the conw
trol rod have been made using the latest heat generation rates and axial
flux distributions associated with the currently proposed operating
scheme (see chap. 1). The central rod has the highest average heat
generation rate, 7500 Btu/hr-ft, when fully inserted. As shown in
Fig. 2.3, a coolant flow rate of 75 lb/hr down through this rod should
maintain the peak cladding temperature below about 1550°F with a bottom
outlet coolant gés temperature of about 1050°F. For any of the 12 outer
control rods fully inserted, the heat generation rate is 5000 Btu/hr.ft.
For this case, a coolant flow of 50 1b/hr is sufficient. These data are

based on calculations which in-

UNCLASSIFIED - 1
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reactor radial flux gradient on the circumferential wvariation in rod
cladding temperature and any subsequent rod bowing. Based on the

equation

d29 q///
— — m%g P
ax? k

1l

where

@ = temperature difference from rod to environment,
x = distance around rod,
m® = hC/kA,

@’’’/ = volumetric heat generation rate,

h = heat transfer coefficient,

C = characteristic dimensiocn,
k = thermal conductivity,
A

= longiltudinal cross~sectional area of rod,

for the case of heat conduction in a solid with simultaneous internal
heat generation and heat loss to the environment, and the equation for

the variation of heat generation in the rod with angle, O
J J

qa(a)
——— = 1 — 0.1653 cos &,

q
the following equation was derived for the EGCR conbtrol rod:

-, (1 0.165 X
- I o et
6(x) = 8.06 q (6h &h + 68 °°° 0.38)

Using this equation, the maximum average temperature drop across the rod
was found to be 181°F. This temperature drop could cause a bow of only
0.255 in. over a 5-~ft-long control-rod segment and thus should not cause

any difficulty in the operation of the rods.
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Stress Analysis of EGCR Pressure Vessel

Experimental Results

The upper head of the pressure vessel for the EGCR has numerous
nozzle penetrations. The large number of nozzles in close proximity
makes an accurate theoretical analysis difficult, and the use of nozzles
which are aligned vertically rather than being attached normal to the
shell adds to the complexity of any analytical study. Hence, an experi~
mental stress analysis was necessary.

A deseription of the nozzles in the vessel is gilven in Table 2.4.
The control rod, speclal plug, and experimental loop nozzles in the
upper head total 53 and form a closely spaced cluster. Since the large

and small experimental loop nozzle stubs are identical to those of the

Table 2.4. Nozzles in EGCR Pressure Vessel

Inside Wall

ng;iiin Purpose Number Diameter Thickness ?izc?
(in.) (in.) :
Top head Burst~slug detection tube 2 28% 2
and thermocouple
Control rod 25 11 1/8 1 3/16 e
Experimental loop
Large 4 11 1/8 1 3/16
Small 4 7 3/4 7/8
Specisl plug 20 7 3/4 7/8 2%
Gas outlet 2 34 2 1/2
Bottom head Experimental loop b
Large 4 14
Small 4 7 1 24
Fuel charglng
Large 12 16 1/2 1 3/4 32
Small 9 12 1 1/4 32
Geas inlet 2 22 2
Thermocouple ' 2 11 1/2 1 1/4

a’I'he dlameter used for the scale model was 22 in.
bOutside diameter.
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control rod and special plug nozzles, respectively, only two types are
represented. Each size is spaced on a 24~in. square pitch, giving an
effective spacing of 12 in. and a minimum distance between nozzles of
5.47 in. All the nozzles extend through the pressure vessel to provide
added reinforcement around the openings, and full penetration welds are
used throughout.

A model of the upper head and the adjacent portion of the cylindri-
cal section was fTabricated from 6061 aluminum plate and instrumented with
bonded~wire strain gages. The hemisphere was cold formed on a male dle;
and the cylindrical section was cold rolled to shape. A flange for
attachment to the bottom of the cylinder was also cold rolled., The size
of the male die dictated the scale factor which is 1/5.533.

Heliarce welding techniques were used in forming the welded joints
between the spherical and cylindrical sections, between the cylindrical
section and the flange, and along the entire length of the cylinder.

Each weld was radiographically inspected.

The shell was machined on both its inner and outer surfaces prior to
installing the nozzles. Each nozzle was given a letter designation
corresponding to the radius from the apex to its center. The central
nozzle was designated A,

The holes for the nozzles were bored, and the two surfaces of the
shell were scarfed for full-penetration welds. The Heliarc process was
used in making these welds, and they were ground to provide 1 l/l6~in.
radius fillets between the nozzles and the sphere at bolh the inside
and outside surfaces. Finally, all welds were inspected by radiographic
techniques.

The nozzle at the apex was installed first; then holes were machined
for the immediately adjacent nozzles whose centers lie on a common clrcle
about the apex. After these nozzles were welded in place, those on the
next circle were installed, and the procedure was repeated, This step-
wise process was necessary in order to allow working room for finishing

the fillets and to prevent excessive warpage in the head due to welding.
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Since the stress distribution around any nczzle in the cluster is
influenced by the nelghboring nozzles, distributions similar to those

in a perforated plate were expected to exist. The interaction between
holes is illustrated in Fig. 2.4, where the tangential stresses around
the edge of a hole in a perforated plate under blaxial tension have been
plotted. From this figure it may be seen that the highest stresses

exist along lines joining the centers of the holes. Therefore, the gages
on the spherical shell were positicned to measure these peak stresses.

In some cases, however, the locatlons and orientations were chosen to
coincide with the circumferential and meridional directions of the

shell.

All gages on the outside surfaces of the spherical head and cylindri-
cal section were matched with corresponding gages on the inside surfaces
so that both the membrane and bending stress components could be calcu=
lated from the measured strains. The locations of the gages on the
outside of the shell are shown in Fig. 2.5, and those on the inside

surface, including the inside of nozzle A, may be seen in Fig. 2.6.
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Fig. 2.6, Strain Gage Installation on Inside of Model Shown in
Fig. 2.5.

Bonded wire SR-4 strain gages, type A-7, with a gage length of l/4 in.
were used in all cases; the total number of gages was 976.

One~half the dome was instrumented, and gages were evenly spaced
in two axial rows along the cylindrical section of the shell so that
duplicate strain readings could be obtained for each point. These
duplicate readings were used in checking the results. Two gages oriented

at 90 deg to each other were mounted at each position; they were aligned
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in the anticipated directions of the principal strains. The principal
strain directions were later confirmed by observing the cracks in Stress-
Coat lacquer that was applied to a nozzle under an axial Joad. After
the lead wires were connected, each gage was checked for grounding and
air bubbles in the cement.

The model was tested under an internal pressure of 60 psig with the
nozzle loadings given in Table 2.5. Each load was applied singly so that
stresses for various combined loads could be obtained by superposition.
However, a separate test was conducted in which the nozzle at the apex
(A) was subjected to an axial force of 2000 1b while the pressure in
the vessel was 60 psig. The data derived provided a basis for checking
the validity of superposition for this particular case.

The magnitudes of all the loadings were made as Jlarge as possible
so that maximum strain readings could be obtained. The limiting value
of the load was determined in each case by the strain value at the yield-
point stress. A maximum allowable strain of approximately 400 pin./in.
was used, corresponding to a stress of 4000 psi. (The yleld~point stress
for annealed 6061 aluminum plate is approximately 5000 psi.)

A1l the normal forces, except that on A, were applied in the axial
plane through nozzle A, with the load acting in the direction toward A.
The normal load on A was applied in an axlal plane passing through the
gas outlet nozzles. The distances above the apex for points of load
application correspond to the locations of the upper and lower surfaces
of the blological shield in the cases of both the control rod and special
plug nozzles. For the experimental loop nozzles, the distances correspond
to the locations of the external piping attachment points.

In conducting all tests, gage readings were recorded at zero load,
one~half load, full load, aad, finally, at zero load agein. Thus, the
linearity and drift of the gages were checked.

The experimental results for all the tests have been reported.lo

The report also gives a complete description of the model, strain-gage

10R. W. Holland and R. L. Maxwell, "Experimental Determination of
Stresses In the Top Head of the EGCR Pressure Vessel," University of
Tennessee Engineering Experiment Station, Department of Mechanical
Engineering (August 1960).
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Table 2.5.

Loads Applied to Nozzles in Top Head

Reference y
Reference Circle Moment Arm
Nozzle Type Cirele Radius Type of Load Magnitude of Load (in.)
(in.}
Control rod A 16.991 Axial 2 000 1v
Normal 150 1b 13 3/16
50 1b 34 3/4
M 72.085 Axial 2 000 1v
Normal 150 1 13 3/16
50 1b 34 3/4
Speclal plug J 61,259 Axial 1 500 1b
Wormal g0 1b 13 3/16
30 1b 34 3/4
L 70.052 Axiel 1 500 1iv
Wormal 80 1b 13 3/16
30 1b 34 3/4
Small experimental B 16.991 Axisal 1 500 1b (one nozzle)
loop 1 500 1b (four nozzles loaded
similtaneocusly )
Normal 40 1b 25 1/4
Large experimental X 67.960 Axial 2 000 1v
Lloop Normal 75 1b 24 9/16
Gas outlet Axial 5 000 1v
Transverse moment 19 200 in.-1b
Meridional momernt 19 200 in.-1b
Trensverse normal 2 000 1bv 8 1/2
Meridionel normal 2 000 1b g 1/2
Torsional moment 32 000 in.-1b
®Ihe moment srm is the distance sbove the apex, except for the gas outlet nozzle, where 1t is

measured from the surface of the shell.



locations, and the experimental techniques employed. The experimental
data are now being interpreted In terms of the load~carrylng capacity

and structural integrity of the reactor vessel.

Comparison of Analytical and Experimental Results

The interpretation and use of the experimental data obtained from
the tests described above depends upon a detailed knowledge of the stress
distributions in the region of a nozzle~to-spherical-shell junction.
Therefore, a theoretical model must be used as a guide; a single nozzle
attached radially to a spherical segment was chosen for this purpose.
Although the influence of adjacent penetrations is not represented, the
stresses in the nozzles of the vessel should be similarly distributed.

The differential equations that describe the model were obtained
from thin-shell theory.ll In this case, the asymptotic solutions to

the two differential equations for the spherical shell,

d.2Q¢ de)
+ cotd —= — COt2¢Q¢ + 2ik2Q¢ =0 ,
a¢? a¢

were taken. The complete solution is thent?

= V¢/sing (Arber’/ /2 k¢ + Aybei’ /2 k¢ +
+ Asker’/ /2 k¢ + Agkei’ /2 ko)

%

where Q¢ is the shearing force, k is a constant depending upon the shell

dimensions, ¢ is the colatitude angle, and the A's are integration

13, Timoshenko and S. Woinowsky-Krieger, "Theory of Plates and
Shells," pp. 468, 540, 2nd ed., McGraw-Hill, New York, 1959.

+2F, A. Leckie, "Asymptotic Solutions for the Spherical Shell
Subjected to Axially Symmetric Loading," Preprints of papers to be read
at the Symposium on Nuclear Reactor Containment Buildlngs and Pressure
Vegsels to be held at The Royal College of Science and Technology, 17th
to 20th May, 1960, Butterworth (1960), pp. G99-G110.
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constants, The functions are the real and imaginary parts of the modi-
fied Bessel functions Iy (V21 k¢) and Ko (V24 k¢), and the primes
denote differentiation with respect to the argument.

In order to evaluate the accuracy of the analytical model, a com~
parison was made between the theoretical and experimental results for
the specimen shown in Fig. 2.7. A detailed experimental stress analysis

of this unit had been made previously.13

The cylinder was taken as
infinlte in length, and it was assumed that the conditions at the outer
edge of the spherical segment would not influence the behavior in the
vieinity of the nozzle. The discontinuity forces at the junction are

shown in Fig. 2.8 where the positive directions coincide with those used

1R, L. Maxwell and R. W. Holland, "Experimental Determination of
Stresses in a Spherical Shell with Attached Pipe," The University of
Tennessee Engineering Experiment Station (April 1959).

UNCLASSIFIED
ORNt~LR~DWG 52484

2_

1 ' -

A DIMENSIONS ARE IN INCHES
i S 400,

11.956

r—OA625

:
|
O

10-24 X & DEEP
ON 3° CENTERS

. 24125 D, —— ~

25 B.C.D. d

L-- 26.125 D. o

Fig. 2.7. Bectional View of Test Specimen Used for Comparing
Experimental and Theoretical Stresses.

43



UNCLASSIFIED
ORNL—-LR—DWG 52482

N

ﬁ«-’ /76‘
n{—

Fig. 2.8. Diagram Showing Force System at Sphere-Cylinder Junc-
tion.



UNCLASSIFIED

(x10%) o_RNL«LR~DWGf
5t SIS S S . et P S R S P
4 S e i IS SR S J

THEORETICAL
¢ EXPERIMENTA

2486

STRESS {psi)

S AN ot S JE N IO

|

3 7 1 15 f9 23 27 3‘1 35 32 43 47 5

55

¢, COLATITUDE ANGLE MEASURED FROM CENTER OF HOLE (deq)

Fig. 2.9. Meridional Stresses at Inner Surface of Pressure Vessel

Head Model for a Compressive Axial Force of 2000 1b.

UNCLASSIFIED

ORNL-LR-DWG 5

2485

= | N
=
ST oL | | [
2 THEORETICAL }
x ® EXPERIMENTAL !
w PO A S R P I
i | ) I
-6 ! - \ JUSE R R J ’ I S B
T3 7T 15 19 23 27 31 35 35 a3 47 5
¢, COLATITUDE ANGLE MEASURED FROM CENTER OF HOLE (deg

55

Fig. 2.10. Meridional Stress at Outer Surface of Pressure Vessel

Head Model for a Compressive Axial Forece of 2000 1b.

45



UNCLASSIFIED

{x10%) ; —_ ‘ ' [ PRNL-\TR-DWG“52484
AT R A R O
! ‘ ; {
R L o |
: | |——THEORETICAL | T77+ T

| o EXPERIMENTAL | |

g SR B S T R R B
| | . ‘
' |

A ‘

STRESS (psi)

J S E— S

-2 _J__‘__ R : ]
3 7 1" 15 19 23 27 31 35 39 43 47 51 55
¢, COLATITUDE ANGLE MEASURED FROM CENTER OF HOLE (deg)

Fig. 2.11. Circumferential Stress at Inner Surface of Pressure
Vessel Head Model for a Compressive Axial Force of 2000 1b.

UNCLASSIFIED
ORNL-LR-DWG 52483

(x103) ‘ T | [ e ‘V—“W‘r—!
CASE 1~ T | |
0 - 3 — { — L 3 % = ] g
| T-CASE 2 | |
o/ | ‘ !
:‘7_.'1 -2 i - T i ﬁ;i‘f - _,} SO
@ i i
& i | —— e | i ,{,,
o | } | |
% | ‘ ‘ \ ‘ |
i THEORETICAL | ! :
; * EXPERIMENTAL |
-5 e ———f — — —
~CASE 1 ‘ |
~CASE 2 : :
-6 - ”'" - "7*’*"‘ - ‘ S B EE R I
-7 | i ‘ I ‘ J_g

L 1 [
3 7 11 15 19 23 27 31 35 39 43 47 51 &5
¢, COLATITUDE ANGLE MEASURED FROM CENTER OF HOLE (deg)

Fig. 2.12. Clrcumferential Stress at Outer Surface of Pressure
Vessel Head Model for a Compressive Axial Force of 2000 1b.



by Leckie for the spherical shell and by Stanek'* in the case of the
cylinder.

Since only tabular values of the Bessel functlons were available,
the exact radius and thickness of the cylinder could not be used in the
theoretical analysis. Thus the two cases described in Tabls 2.6 were

examined. The stresses are for a compressive axlial force on the nozzle.

Table 2.6. Dimensions of BExperimental and Analytical Models

Experimental -
Model Case 1 Case 2

Radius to middle surface

of sphere, a_, in. 13.4405 13.4405 13.4405
Thickness of sphere, hs, in. 0.50'70 0.5070 0.5070
Radius to middle surface

of eylinder, a , in. 0.7500 0.7214 0.7935
Thickness of cylinder, hc,

in. 0.5000 0.4810 0.5290

The meridional stresses at the Inner and outer surfaces are plotted
in Figs. 2.9 and 2.10 while the circumferential stresses are shown in
Figs. 2.11 and 2.12. The agreement is very good for both the meridional
and circumferential stresses, with Case 2 more nearly duplicating the
experimental results. Differences between the theoretical and experl~
mental date, aside from those introduced through the use of approximate
dimensions, can be partially atiributed to the use of thin~shell theory
for predicting the behavior of the cylinder. From this study it is
apparent that the equations used in the analytical model adequately

predict the stresses for a single nozzle-to-shell attachment.

14p, J. Stanek, "Stress Analysis of Cylindrical Shells," ORNL
CF=58=9-2 (July 1959).
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3. EXPERIMENTAL INVESTIGATIONS OF HEAT
TRANSFER AND FLUID FLOW

Resistance-Hegted-Tube Heat Transfer Experiment

A further evaluation of the data previously presentedl for experi-
mental series 4-A (a septafoll cluster at a 2:1 ligament-ratio spacing,
y = 2, with a modified 60-deg-pad mid-cluster spacer?) has confirmed the
presence of a flow maldistribution in the channel entrance of suffleient
magnitude to markedly distort the temperature patierns in the upstream
half of the cluster. A number of alternate Iinlet-plenum arrangements3
were studied in an effort to correct this situation. In the modifica-
tion examined in greatest detall, the 7/8uin. gap between the central
baffle (weir) and the plermum cover plate was closed by two layers of
40 mesh (0.011-in. wire) stainless steel screen. In addltion, a palr
of nonmetallic screens (24 mesh with 0.0009-1in.? openings) were located
at the test-sectlon Inlet. These changes are Indicated schematically
in Fig. 3.1.

Circumferential temperature profiles were obtalned for all 7 tubes
at 11 axial positions with this modified inlet configuration; the data
are designated series 4-B. ‘The operational conditions were essentially
identical to those for serles 4-4, with the over-all mean heat flux
being 6500 Btu/hr-ft2 and the average Reynolds modulus, 50 500; the data
were corrected* to a common inlet air temperature of 97°F. Prelimlnary
resuits for minimum and mean Inside surface temperatures are glven in
Tables 3.1 and 3.2, respectively. A complete lnterpretation of these
results will not be attempted, since a number of uncertainties exist in
the data. Thus in Table 3.2, 1t may be seen that the mean tube tempera-
ture at the L/de = 10 position 1s less than that at the L/de = 5 level.

1"GCR Quar. Prog. Rep. June 30, 1960," ORNL-2964, pp. 55-58

2"GCR Quar. Prog. Rep. Dec. 31, 1959," ORNL-2888, pp. 27-28.
3Tbid., pp. 54, 57.

4"GCR Quar. Prog. Rep. Sept. 30, 1959," ORNL-2835, pp. 54-59.

~
ol



Table 3.1.

Axlal Variation In Minimun Inside Surfsace

Temperatures for Tubes of Experiment 4-B

Axial

Temperature (°F)

Position Peripheral Tube No. Central
Tube,
1 2 3 4 5 6 No. 7
0 236 235 234 239 239 245 258
5 379 355 340 366 346 359 582
10 368 387 349 392 389 385 621
15 3683 407 383 411 414 415 520
17.9 391 411 398 422 414 421 81
20 271 271 268 274  28L 278 296
22.5 326 329 335 335 338 342 381
25 367 366 373 372 379 380 437
30 431 431 439 439 448 449 472
35 466 470 479 473 484 480 489
38 &73 475 483 487 495 492 492
Table 3.2. Axlal Variatlon in Mean Inside Surface
Temperatures for Tubes of Experiment 4-B
Temperature (°F)
Pﬁ?iiion Peripheral Tube No. Central
Tube,
1 2 3 4 5 6 No. 7
0 245 245 243 247 246 249 262
5 379 401 383 423 395 408 587
10 393 408 381 418 409 412 633
15 406 419 401 425 429 428 540
17.9 412 423 411 431 442 432 498
20 280 278 279 281 288 287 305
R22.5 340 341 346 346 352 355 388
25 382 380 385 387 393 395 44.2
30 bty ALY 446 448 457 461 476
35 476 477 484 480 491 489 492
38 480 480 489 491 500 496 495
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Fig. 3.1. Schematic Diagram of the Inlet Plenum Chamber of the
Model-3 Heat Transfer Apparatus for the Series 4-B Experiment.

Experiments to resolve these dilscrepancles are in progress. Further,

the mean temperatures for tubes 4, 5, and 6 are on the average higher
than those for tubes 1, 2, and 3. (The relative positions of the tubes
are indicated in Fig. 3.1.) While 1t may be speculated that these dif-
ferences arise from differences in the magnitude of the flow in the two
halves of the channel, the data now avallable are Insuffilcient to cor-
roborate this supposition. Alternate hypotheses are that the heat
generations for the 7 tubes are not equal (a fact not borne out by the
data) or that the tubes are canted within the channel (the meximum
displacement possible 1s only 0.010 in.). This suggests that nonuniformi-
tles may exlist in either or both of the sets of screens added to the in-
let. Agailn addiltional experimentation i1s required. The central tube
exhibits much higher mean temperatures than those measured for the
peripheral tubes. With an average heat generation equal to that of an
outer tube, it can be presumed that a flow deficlency exlsts in the Inner
region surrounding tube 7. The presence, in general, of temperature
maxime on the inward facing side of the peripheral tubes {rather than on

the outer side adjecent to the channel well, as expected from the geometry)
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provides some confirmation of a lower central-reglon flow. Thig aspect
1s examined further in the following discussion. ’

While an over-all understanding of the data may not be possible at
this time, it is stlll of interest to consider some of the details. A
comparison of temperature profiles for tube 4 at two axilal positions, as
obtained in the series 4-A and 4-B experiments, is shown in Fig. 3.2.
At the L/de = 5 level, the total clrcumferential variation in the tem-
perature has inereased from 24°F in series 4-A to 96°F in serles 4-B.
In addition, the angular positions of the maximum and minimum tempera-
tures have been reversed. This drastlic shift of the temperature pattern
wlth respect to both magnitude and location may be related to several
factors inherent in the test apparatus: (1) the restrictlon of the flow
to the central region of the cluster by the tube electrodes passing
through the plenum chamber, and (2) the increased turbulence at the test-
section inlet created by the screens suspended in thils region. The first
of these, whlle common to both 4-A and 4-B, may be aggravated in serles

4-B by the pressure losses as-
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for seriles 4-B diminishes rapldly with distance downstream, reflecting
both a decrease in heat transfer as the thermal boundary layers develop
and a redistributlion in the gross flow between the inner and outer por-
tlons of the channel.

At L/de = 20, immediately downstream of the mid-eluster spacer
(lower curves of Fig. 3.2), the circumferential distributions for 4-A
and 4-B are again comparable. As dilscussed previously,l the temperature
minimum in the wake of the 60-deg pad results from increased turbulence
in this region. The temperature pattern for series 4-B appears more
symmetrical than that observed for serles 4-A; the somewhat hlgher maxi-
min (16°F as against 8°F for series 4-A), occurring at the O-deg location
for series 4-B, 1s again indicative of the flow defilciency in the inner
zone of the cluster. The effect of the webs at the 60-~deg and 300-deg
locations is discernable In the 4-B curve; a similar inflection expected
at O deg ls not evident.

The remaining peripheral tubes (1, 2, 3, 5, and 6) yield similar
results. This is illustrated in Fig. 3.3, which compares circumferential

temperature profiles at two axial
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model-3 heat-transfer apparatus

spacings show an appreclable
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sensitivity to the inlet plemum configuration. In view of the uncertainty
thus created in applying these data to the prediction of surface tempera-
tures in the EGCR, a new apparatus (model 4) 1s belng fabricated which
will incorporate two heated clusters positloned consecutively within the
channel. Spacers and spiders of EGCR Title-II design2 will be iIncluded.
The downstream region of the two clusters wlll be instrumented as in the
model-3 device: the upstream tube bundle willl be capable of rotation to
provide the complete range of reactor entrance conditilions. Definitive
studies with the model-3 apparatus will be continued 1in an effort to

gain a better understandlng of the effects of flow maldistributlions on

the heat transfer wilthin a seven-rod cluster.

Mass~Transfer Measurements

Preliminary values have been obtained for the mass-transfer factors
in the second (downstream) of two EGCR Title-II-deslgn fuel-element
clusters stacked within a Plexiglas tube.’ As previously indicated,6
traverses were made at 14 axlal levels ranging from L/de = 3.8 to
L/de = 41.2 (mid-cluster spacer at L/de = 22.5) for four relative dis-
placements of the clusters wlth respect to each other (0, 30, 60, and
90 deg). The results are summarized in Tables 3.3 through 3.6 as the
clrcumferential mean mass-transfer factor, J, at each axisl posltion;
the data were adjusted to a common bulk Reynolds modulus of 50 000 on
the basis that j ~ N&S'Z. Since the Reynolds modulus for these runs
varied from 51 300 to 52 600, the maximum correction to J was less than
1%.

The data appear to be self-consistent (within the experimental
error), with the possible exception of the runs for rod 6 at the O-deg
orientation and for rod 3 at the 30-deg orlentation. In both these
cases the shape of the profiles for jl/j (vhere jl 1s the local

°"GCR Quar. Prog. Rep. March 31, 1960," ORNL-2929, pp. 70~76.
8"GCR Quar. Prog. Rep. June 30, 1960," ORNL-2964, pp. 59-67.
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Table 3,3. Mean Mass-Transfer Factors for O-deg
Cluster Orientation

L/de Mean Mass-Transfer Factor, |
Rod 1 Rod 2 Rod 3 Rod4 Rod5 Rodé& Rod 7
X 1073 x 1073 x 107? x 1072 x107® x 107® x 1073
3.8 AN 5 4.50 4,66 4.52 4,66 4.63 4,33
6.1 3.88 3.98 4.10 4.01L 4,12 4,13 3.86
2.8 3.63 3.67 3.81 3.76 3.63 3.83 3.50
13.6 3.43 3.42 3.68 3.60 3.35 3.52 3.32
174 3.34 3.30 3.59 3.51 3.26 3.32 3.21
19.6 3.24 3.27 3.47 3.31 3.28 3.25 3.15
21.8 3.25 3.14 3.36 3.30 3.14 3.10 3.00
(Mid-cluster spacer)
23.2 7,71 7.6% 8.12 9. 24
25.7 4.79 [ayas 4,23 4.53
28.1 Al 4.06 4. 29 4.03
30.8 4.18 3.56 4.10 3. 84
35.0 3.97 3.71 3.92 3.63
39.3 3.88 3.67 3.71 3.56
41.2 3.78 3.65 3.63 3.67

mass-transfer factor) as a function of angular location on the rod sur-
face at any level differs from the profiles obtained for the other rods
at the same levels. This 1s particularly noticeable at stations below
L/de = 9.8, At the same time, it is of inberest to note that, desplte
the abnormal variatlons 1n the local values, the mean J factors are in
reasonable agreement with those for the other runs. While extreme care
was exerclsed In handling the rods, 1t is possible that in these in-
stances the coated rod could have been bent during installation in or
removal from the cluster. Since this would have occurred after the
initial profilometer readings had been made, a consistent bias (varying
from zero at the inlet end to a maximum at the center) would have been
intreduced; the runs in question display this characteristic. The average
mass removal during a run is of the order of 0.010 in.; thus, a small
permanent displacement of the rod would be sufficient to over-shadow

completely the real variations in the mass removal.



Table 3.4. Mean Mags~Transfer Factors for 30-deg
Cluster Orlentation

Mean Mass-Transfer Factor, J

L/d

€ Rod 1  Rod 2 Rod 3 Rod 7
x 1072 x 1073 x 10723 x 1073
3.8 4.50 4. 20 4. 46 4,60
6.1 3.94 3.76 4.00 4,12
9.8 3.45 3.51 3.57 3.87
13.6 3.26 3.41 3.32 3.67
17.4 3.20 3.21 3.32 3,60
19.6 3.02 3.08 3.28 3.57
21.8 2.95 3,00 3.22 3,40

(Mid-cluster spacer)
23,2 7.68 8. 26 8.85
25.7 4. 54 4,95 4,17
28.1 4,11 4, 46 3.75
30.8 3.94 4,17 3. 47
35.0 3.60 3.93 3.15
39.3 3,49 3,72 3,27
41.2 3.41 3.68 3.35

Table 3.5. Mean Mass-Transfer Factors for 60-deg
Cluster Orientation

Mean Mass-Transfer Factor, J

L/d
€ Rod 1 Rod 2 Rod 3 Rod 7
x 1073 x 1073 x 1073 x 1073
3.8 4. 47 4,11 4. 30 beu 43
6.1 4,01 3,78 3. 84 3.92
9.8 3.69 3.68 3.56 3.66
13.6 3.46 3.27 3.35 3.53
17.4 3.36 3.18 3.33 3. 44
19.6 3.36 3.13 3.33 3.35
21.8 3.31 2,98 3.17 3.34




Teble 3.6. Mean Mass-Transfer Factors for 90-deg
Cluster Orlentation

Mean Mass-Transfer Factors, j

L/a_
s Rod 1 Rod 2 Rod 3 Rod 7
x 1073 x 1073 x 1073 x 1073
3.8 4. 88 4. 60 4. 65 5.21
6.1 4. 31 4,12 4, 04 4,56
9,8 4,00 3.83 3.66 4. 30
13.6 3.84 3.69 3.45 4,10
17.4 3. 64 3.57 3.23 3.88
19.6 3.55 3.51 3.42 3.76
21.8 3.44 3.38 3.31 3,69

For some runs, the interpretation of the circumferential profiles
was rather difficult because of a lack of precision in the data. While
the cause of this decrease in precision 1s uncertain, factors such as
ccclusions 1n the naphthalene, variatlons In crystalline structure, and
surface roughness are known to influence the local mass-transfer factors.
The experimental portion of this study was performed over a three-week
period and involved the coating, machining, and handling of 26 actilve
rods. Under these circumstances, 1t is not surprising to note a pre-
cision of less than the 2% obtained in the earlier mass-transfer studies.”
In view of the number of individual data points involved (in excess of
13 000), no attempt was made initially to duplicate the runs. Tt is
now plammed to check those runs for which the data are cquestionable or
obviously in error.

A set of typical circumferential traverses (as the ratio jl/j) are
given in Fig. 3.4 for peripheral rcd 1 at a O-deg relatlve orientation
of the two clusters. The curves shown are smoothed representations of
the experimental data; and, while the significance of some of the minor
fluctuations shown may be questionable at this time, the gross varia-

tions should be meanlngful. In interpreting the general features of the

7J. L. Wantland and R. L. Miller, "Heat Transfer in Septafoil Geome-
trles by Mass-Transfer Measurements,'" ORNL CF-59-6-9 (June 30, 1959).
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for Rod 1 at Six Axlal Levels. Mid-cluster spacer at L/de = 22.5;
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profiles of Fig. 3.4, reference should be made to Fig. 3.5, which 1indi-
cates schematically the relative positions of the splders and rods of
the clusters for the four orlentatlons studied (0, 30, 60, and 90 deg).
The vlew is Into the directlon of flow with the so0lld lines being for
the bottom (inlet) spider of the upper (test) cluster and the dotted
lines for the top (outlet) spider of the lower (dummy) cluster. The
shift in the numbered rods as the test cluster is rotated with respect
to the fixed dummy~-rod bundle 1s 1ndlcated.

The uppermost curve of Filg. 3.4 gilves the jl/j profile at the
L/de = 3.8 position (2 1/3 In. from the beginning of the rods of the
test bundle). The prinelpal characteristics of this profile may be

descrlbed and analyzed as follows:
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Fig. 3.5. Relative Orlentatlons of Adjacent Title~II-Design Spiders
as Examlned in Mass-Transfer Studies.

1. The primary minimum appears at the 180~deg location and reflects
the decreased flow in this region due to the presence of the structural
elements of the splders and to the proximity of the channel wall. Up-
stream of the spiders 59% of the total free flow area 1s in the outer
region of the channel; at the spiders, this has been reduced to 48%,
based on projected areas. (The outer flow reglon is defined as the ares
outslde of the hexagon formed by Jjoining the centers of the peripheral
tubes.) The flow is thus forced toward the immer flow region, leaving
diminished, lower-velocity flow near the channel wall. It must be

remembered in viewing these curves that the mass transfer at any level



relates to the mean for the rod et that level. Thus the deeper minimum
at L/de = 3.8 does not indicate less mass transfer than for the cor-
responding minimum at L/de = 13.6. This 1is shown by the curves of

Fig. 3.6 in which a relative mass-transfer factor (the ratlo of the
clrcumferentlal mean, or minimum, to the mean at the exlt) is given ag
a function of the axlal positlon. In absolute magritude, the minimum
mags-transfer factor at L/de = 13.6 is 12% less than that at L/de = 3.8,

2. The primary maxlma occur symmetrlcally at 105 and 255 deg.
While these maxima might be expected at 75 and 285 deg (corresponding
to the slot between the ribs in the projected view of Fig. 3.5), velocity
data (see later Fig. 3.9) show that at this level sufficient redistribu-
tlon of the flow has occurred for the maxlima to appear at the locations
anticipated in an unobstructed channel.

3. The minima at 70 and 300 deg correspond to the areas of closest
approach of rcd 1 to the adjacent peripheral rods. The ribs joining the
outer bosses of the support splder of the dummy cluster are also located
in thils region.

4. The maxima at 30 and 330 deg indicate the relatively unobstructed

flow occurring In the lmner flow region midway between the restrictions
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of the peripheral rib and the central rib (supporting the boss for rod
7).

5. The minimum near O deg then signifles the presence of the
central rib. The slight clockwlse shift of the minimum may result from
distortion of the flow by a slight misalignment of the clusters or by
imperfections 1n the form of the spiders.

The patterns described persist, with some modiflcatlon, at least
as far downstream as L/de = 19.6 (12 in.). As the flow redistributes,
in accord with the relative free-flow areas, the depth of the primary
minimum decreases. This is 1llustrated at the L/de = 13.6 level as
shown in Fig. 3.4. The mid-cluster spacer? is located at L/de = 22,5,
The profile at L/de = 21.8 (3/16 in. from the upstream face of the
spacer) shows a maximum 1n the vicinity of 180 deg which 1s believed to
be Indicative of the transverse acceleration of the fluld in the region
lmmediately upstream of the spacer pad and perhaps some reclrculatlon.
The adjoining minima, occurring in a region of unobstructed flow, where
maxima would normally be expected, may result from separation of the
transverse fiow.

Immedlately downstream of the mid-cluster spacer (3/16 in.) a
strong minimum occurs again near the 180 deg as the result of the flow
blockage by the spacer pad. This was observed to disappear within 2
to 3 hydraulic diameters of the downstream face of the spacer. The
minimum at O deg lies behind the central projection of the spacer and
in the region of closest proximity of rod 1 to rod 7. The 1ntervening
maxima and minima (i.e., between O and 180 deg 1n both the clockwise
and counterclockwise directions) appear somewhat displaced from the
antlcipated locations. For example, the maxima at 60 and 360 deg fall
directly behind the clrcumferential projection of the spacer; and the
minima at 40 and 320 deg fall in an unobstructed flow area. While a
definitive explanation of this shift 1s not possible on the basis of
avallable janformation, a hypothesis ianvolving the interaction of the
high-velocity streams forced inward by the spacer pads of adJjacent rods
(see preceding discussion) to create a region of high turbulence in the

vicinity of 60 and 300 deg seems plausible.



Further downstream (see curves for L/de = 30.8 and 41.2 in Fig. 3.4),
the profiles show much less ecircumferential variation than was observed
for the inlet half of the cluster. The wminima in the neighborhood of 100
and 260 deg persist throughout the remalning length of the cluster; only
a vestlge of the minimum at 180 deg remains.

The effect of relative orientation of the two clusters seems to be
restricted to the upper half of the cluster. A comparilscn of clrcum-
ferential profiles at the L/de = 3.8 level for the four orilentations ex-
amined 1s given iIn Flg. 3.7. TFor the two Inline arrangements, 0 deg and
60 deg (see Flg. 3.5), the patterns are similar. At the 30-deg staggered
orientatlon, the lower mass removal in the reglon between O and 120 deg

can perhaps be accounted for by the lncreased flow resistance engendered
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by the proximity of the central ribs. The decrease 1n the relative
magnitude of the minimum at 180 deg (as compared with the inline arrange-
ments) follows from the higher veloeity flow reaching this area from the
"open" region of the preceding cluster's outer flow channel. The maxima
gt 30 and 330 deg and at 130 and 230 deg are as expected. The profile
for the 90-deg staggered orientation shows these same general character-
istlcs; with the increased geometrical symmetry, the depresslon of a
reglon of the profile is not observed. While significant redistribution
of the flow occurs, the patterns for the staggered arrangements still
differ somewhat from those for the inline siltuation, even at L/de = 21.8.
The axial variation of the mass-transfer factor (as indicated by the
data for rod 1 at the O-deg orientation and a rod spacing of y = 2) is
compared in Fig. 3.8 wilth simllar results for the heat-transfer factor
obtained in the series 2 experiment8 (tube 2, v = 4). As expected, both
curves have the same general shape; the difference in magnitude may per-
haps be ascribed to the differences in the tube gpacings, In the entrance

geometries, and in the mld-cluster spacer deslgns. TIn view of these

8"GCR Quar. Prog. Rep. Dec. 31, 1959,”" ORNL-2888, pp. 4&-51.
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physlecal variatlons between the test apparatus, the 1.33 value for the
ratio of the j factors (mass to heat) near the end of the inlet half of
the clusters (x = 0.49) constitutes reasonable agreement. In contrast,
the discrepancy between the two curves for the lower portion of the
clusters (JM/jH = 1,67) is surprising. The upward displacement of the
mass-transfer profile (asymptotes at j ~ 0.00375 as compared with 0.0032
for the inlet portion of the cluster) suggests that the mass-transfer
data for thils reglon of the cluster may be in error. To effect this dif-
ference would require gross changes in the cluster geometry, gas velocity,
or gas temperature for run 22 (lower half) with respect to run 1 (upper
half). A re-examination of the original data is in progress, and addltional
experiments aimed at obtalning data on the mass-removal Tor both portions
of the rod in the course of a single run are planned. Preliminary results
for series 4-B (y = 2) heat transfer are also shown in Flg. 3.8. The

agreement at x = 0.475 is excellent, wilth the ratio ] belng 1.13.

W Su

Velocity Distribution in Septafoll Channels

The mapping of the isothermal velocity field for a septafoll geometry
has been continued using the experimental channel previously described. ®
The apparatus contalned two EGCR fuel cluster models (one being capable
of rotation wilth respect to the other) with Title-II-design top and
bottom spiderslo

(L/de = 54 as opposed to L/de = 45 for the EGCR), both clusters were 4/3-

and a 60-deg-pad mld-cluster spacer.? Except in length

scale models. Therefore, in order to approximate the EGCR situation, the
mid~cluster spacers were located off-center at L/de = 22.5 above the lower
splder of the test cluster and L/de = 22.5 below the upper spider of the
dummy cluster. While 1t 1s planned to obtain sufficlent data to charac-
terize, 1n detall, the flow 1n the EGCR cluster, Initial measurements have
been made primarily to determine the effect of relative cluster orienta-

tion on the velocities at R = 0.05 in. (measured radially outward from

9"aCR Quar. Prog. Rep. June 30, 1960," ORNL-2964, pp. 67-80.
10m1hid., pp. 61-62.
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the tube surface) for tubes 1, 2, 3, and 7 (see Fig. 3.5) at four axial
levels. The R = 0.05 point was chosen on the basis of previous resultis,
which showed that measurements at this distance could be taken as repre-
sentatlve of the flow in the lumedlate vicinity of the rod surfaces. It
should be kept in mind that the pitot probes, as used 1n this apparatus,
indicate only the axial component of the flow. Five rotatlonal orienta-
tions (0, 15, 30, 60, and 90 deg) and four levels (L/de = 3.8, 20.9, and
26.0, and 52.8) were examlned. The Reynolds modulus during the course

of this study varled from 49 000 to 53 000, with the majority of the data
being obtalned at NRe = 50 000 £ 500.

Typlcal results are shown In Fig. 3.9, which gives the axial varla-
tion around rod 1 for a O-deg orientation; Fig. 3.10, which glves the
effect of cluster orientation on profiles near rod 1 at L/de = 3.8; and
Fig. 3.11, which gives the effect of cluster orientation and axial poslition
on profiles in the viecinlty of the central rod. In each case, the ratlo
of the local (point) veloeity to the mean (or bulk) velocity (calculated

from qu) is given as a function of the angular position around the rod
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surface. (For the peripheral rods, the angular distance is measured in
a clockwlise directlon with the O-deg location lying on the radlal line

connecting the rod centers with the center of rod 7, see Fig. 3.5; for

the central rod, 6 runs clockwlse from the line jolning the centers of

rods 1 and 7.)

Velocity profiles In the vicinity of rod 1 at four axlal levels are
glven 1n Fig. 3.9. Since the effect on the flow of the splders and
spacers 1ls of major interest, axial locaticns iIn the vicinity of these
obstructlons were selected for initial study. Thus, the uppermost pro-
file of Fig. 3.9 was obtalned at L/de = 3,8, approximately 3 in. down-
stream of the splder at the Inlet end of the cluster. Succeeding profiles
were measured 1.15 In. upstream of the mid-cluster spacer (L/de = 20.9),
2.75 in. downstream of this spacer (L/de = 26.0), and 1.0 in. upstream
of the exit spider. A comparison of thse proflles with the ones given in
Fig. 3.4 for the mass~transfer studies shows that the primary features
of the two sets of data agree quite closely. For example, at L/de = 3.8,
both curves show a minimum at 180 deg, maxima at 105 and 255 deg, and
minima at 70 and 300 deg. The minimum near C deg does not appear in
these velocity data. Since this minimum (resulting from the central rib
joining rods 1 and 7) is present for other orientations (see Flg. 3.10)
and for rod 7 (see Flg. 3.11) at L/de = 3,8, 1t may be that the measure-
ments for rod 1 In this reglon are in errcor. This wlll be checked ex-~
perlmentally at & later date. Further downstream (L/de = 20.9) the effect
of the 60-deg pad in the outer flow channel on the axial velocity 1s
apparent. The absence of other minlma may indicate that the succession
of peaks and valleys in the j-factor curve for mass transfer at L/de = 21.8
over the region 0 * 80 deg arilses from radizl or circumferential flows.
Below the mld-cluster spacer, the 180-deg minimum results from the flow
blockage of the spacer pad. The secondary minima (0, 30, and 330 deg)
correspond to the polnts of closest proximity to adjacent rods; the spacer
spurs are also located at these poslitions. The minimum near the chamnel
wall (180 deg) persilsts even at the L/de = 52.8 level; the data for rods
2 and 3 (not shown) display this same characteristic. There is some

slight indication of other perturbations, as for the L/de = 26.0 profile.
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The effect of cluster orientatlon on the veloelty profiles at
L/de = 3.8 1s shown in Fig. 3.10. The results are agaln comparable to
those for mass transfer, as given in Fig. 3.7, particularly at the 60-
and 20-deg rotatlons. At the 30-deg orlentation, while agreement 1s not
unreasonable, a wider discrepancy exists. As discussed for the mass-~
transfer experiments, the veloclties at 180 deg are In general higher
in the staggered rod arrangements than in the inline configuration.

Results on the veloclty distribution in the vicinity of the central
rod are gshown 1n Fig. 3.11 for two levels at two orlentations. The
shape of the O-deg rotation profile at L/de = 3.8 1s dominsted by the
central ribs, which interrupt the flow at O and 180 deg. The loeal
velocltles are, on the average, greater than those 1n the vicinity of
the peripheral rods. This 1s in accord wlth the previocusly advanced
hypothesis that the splders force the flow into the ilnner flow region
surrounding the central rod. At the L/de = 26 level, the mean veloclty
has decreased, although it stlll appears somewhat hilgher than for the
outer rods. The progression of maxima and minlma around the rod are as
antlcipated, except at 120 deg, where a minimum was expected; thils value
may be in error. The 90-deg orlentation at L/de = 3.8 agaln shows a
higher mean veloelty than for peripheral tubes. Minima at 0, 90, 180,
and 270 deg show the presence of the central ribs of the upstream palr
of splders (see Fig. 3.5). Below the mid-cluster spacer, the effect of
the central projectlons of the peripheral rod spacers 1s agaln apparent.
The regular variation in the magnitudes of the velocity maxima may arise
from a dlsplacement of rod 7 from a central position with relation to
the outer rods or from an eccentricity in the spacer ring around tube 7,

whlch serves as bearing surface for the spacer spurs.
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4, MATERTALS DEVELOPMENT

Fuel and Moderator Materials Development

Development of U0, Fabrication Processes

Studies of the conditions necessary for producing U0z powder by the
nltrate~recycle process have continued. A variety of excellent powders
has been made, but none has yet been obtained that 1s identleal to the
powder produced by the fluoride-ammonium diuranate process. The oxygen-
to~uranium ratio tends to be higher, and the shrinkage characteristics
are somewhat different. Tt has been established that process control
is exceedingly critical and difficult when precipitation is carried out
in straight nitrate solutions. Therefore nitrate solutions contalning

small amounts of fluoride are now being used.

Fabrication of UQ, for Experimental Assemblies

Pellets of U0, fabricated from powder of two grain sizes were
produced for in-plle tests of full~diameter prototype BEGCR fuel capsules.
Pellets were also produced for in-pile testing in beryllium capsules.

The tests of the experimental assemblies in which these pellets are
being used are described in Section 5 of this report.

Thin plates of U0; and ThO, were prepared for fisslon~gas-release
experiments (also described in Secticn 5). Attempts to polish these
plates to a flnal thickness of 0.030 in. have been only partlally

successful.

Development of Apparatus for Bulk-Denslty Measurements

A direct-reading mercury volumeter is being developed for use in
making rapid, high-precision determinations of bulk density on low-
porosity materials with volumes on the order of 0.0l cm®. Tests of a
model based on an initial design showed that a sample immersed in the
mercury was not completely contacted by the mercury after the system

had been evacuated to 1077 mm Hg. A stopeock modification which provided
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for the gradual bulldup of a slight partial pressure of air in the
sample leg of the volumeter was then investigated, and complete contact
between the mercury and sample was achieved. A design was completed of
an alternate system that provides for greater accuracy in reading the

mercury level.

Fission-Prodiuct~Release Studies

The release-rate parameter, D/, for Xe'?? has been measured for
various grades of UD, by the neutron-activation high-~-temperature-
annealing technique described previously,l The results obtained during
the current reporting period are presented in Table 4.1. Based on these
data, the activation energy for the diffusion of Xe*?3 from the fused
U0, obtained from the Spencer Chemicsal Company was calculated to Dbe

86.2 kcal/mole. This value 1s to be compared with values obtained at

1"GCR Quar. Prog. Rep. Dec. 31, 1959," ORNL-2888, p. 68.

Table 4.1. Results of Fisslon-Gas-Release Measurements on UQ,

o Pellet BET Test Total Release-Rate
2 Sample Density Surface Run Tempera~ Fractional § a
Pellet ! o Parameter
Manufacturer No. (% of Area No. ture Gas D’ (sec“i)
g theoretical) (em?/g) (°c) Release
Mallineckrodt 25-8 94 2.94 35 1400 5,15 x 10™% 2.2 x 1073
GE-Valecitos GE=6 95.5 7.7 36 1400 1.25 x 1072 2.2 x 10730
Davison 33-9 93.5 12.5 34 1600 6.67 X 1072 2.0 x 107
Davison 33-9 93.5 12.5 37 1400 1.18 x 1072 1.5 x 1071
Davison 33.9 93.5 12.5 38 1600 2.13x 10™ 1.2 x 1071
Davison 33-9 93.5 12.5 39 1600 6.15 x 10 1.1 x 10-%0
Mallinekrodt 25-8 9% 2.94 40 1400 5.26 x 107% 1.1 x 10713
Mallinekrodt 25=-8 94 2.9 4l 1200 1.86 X 107% 3,7 x 1074
Mallinckrodt 25-8 9 2.9 42 1600 1.99 x 1072 1.5 x 1071t
Mellinekrodt 25-8 9%, 2.9 43 1400 3.53 x 10™% 1.2 x 10713
Spencer SFUO-2 100 ~0.50 44 1100 1.87 x 1073 3.5 x 10713
Spencer SFUO-2 100 ~0.5 45 1200 5.80 x 10™% 1.3 x 10712
Spencer SFUO~2 100 ~0.52 46 1300  3.38 x 10”3 8.8 x 1072
Spencer SFUO-2 100 ~0.5° 47 1400 2.30 x 1072 3.3 x 10711

fCalculated on the linear portion of the curve representing fractional gas
release vs square root of time.

bCalculated surface area for 100%-dense U0,.

72



Chalk River,2 which indicate that the activation energy is between 70
and 80 keal/mole.

Previous experiments3 showed that when fisslon gas is released from
U0, above its sintering temperature, normally 1650°C, the amount of gas
released is lncreased and the shape of the curve of the fraction of
fission gas released versus the square root of time is changed markedly.
Two tests were performed to determine whether the fractlonal release,
the release-rate parameter D/, and the shape of the release-rate curve
would be affected by additicnal sinterlng at a higher temperature. It
wag expected that the additional slintering at a higher temperature would
cause a reductlon in both the release~rate parameter and the fraction of
xenon released because of an increase In the effective diffusion path
length for xenon atoms as a result of an increase in the "effective
yniform sphere radius."® If the shape of the curve of Pfraction relessed
versus the square root of time changed, it would indicate that the
additional sintering had caused a structural change in the U0, that
affected the mechanism of release of the fission gas.

The additlonal sintering was carried out on UO; pellet WUMEC 34-30,

and the date are presented in Table 4.2. The shape of the release-rate

2J. A. L. Robertson, personal communication to J. L. Scott, May 25,
1960.

3"GCR Quar. Prog. Rep. June 30, 1960," ORNL-2964, p. 92.

#B. Lustman, "Release of Fission Gases from UO,," WAFD-173 (March
1957).

Table 4.2. Values of the Release~Rate Parameter and Total Fraction
of Xel?? Released on U0, Pellet NUMEC 34-30

Sintering Time Test Release=Rate Total Fraction
at 1900°C Temperature Parameter, Xel?? Released
(hr) (°c) D’ (sec™t) in 6 hr
0 1400 2.5 x 10-13 1.30 x 10~
9 1400 1.6 x 1073 1.70 x 104
0 1.800 1.1 x 1077 9.43 x 10™2
9 1800 2.1 x 1078 1.20 x 10™2
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curve was not changed by the additlonal sintering; but, as was expected,
both the release~rate parameter and the fraction released were reduced.

A greater reduction in D’/ occurred at 1800°C than at 1400°C. The small
reduction at 1400°C is probably dve only to an increase in the "effective
sphere radius,” whereas the greater reduction in D/ at 1800°C may be due

to grain growth, an increase in UO, density, or some unknown phenomenon.

Fractional release experiments have been run on more than one
sample of several UQO, pellets in order to examine the reproducibility of
D/ determinations. 'The data are shown in Table 4.3. It appears that

the D/ values vary about one order of magnitude.

Table 4.3. Comparison of D/ Values in U0, Pellets

U0, Test Sample Test Release~Rate
Pellet Noo Desimiati . Temperature Parameter,
Manufacturer : TENALLo (°c) D/ (sec™)
Mallinckrodt 1 25-8 1400 1.1 x 10743
2 25.8 1400 1.2 x 10743
3 258 1400 4.7 x 10714
Davison 6 335 1400 6.7 x 107t2
7 33-5 1400 1.5 x 107+t
Davison 8 33.9 1600 1.2 x 10741t
9 33m9 1600 1.1 x 10710

Fabrication of Fueled Graphite

Processes are being developed for the preparation of high-density,
low=porosity graphite bodies uniformly fueled with UC or other uranium
compounds. Two procedures are being investigated, an admixture method
and an impregnation method.

Admixture Method. ©Specimens formed by using natural graphite,

depleted UC, and two different high-carbon~forming thermosetting binders
known commercially as "Furacarb P-3" and "Durite SD=5143," respectively,
were observed to be badly laminated and covered with small surface bumps

after firing in argon at 1000°C. These effects were observed in specimens
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containing the Durite binder even after speclal care was taken to prevent
back~diffusion of air into the furnace and to remove oxygen and water
from the gas. X-ray diﬁfraction analyses of both type of specimens re~
vesaled the presence of U0, as well as UC.

A systematic x-ray diffrsction study of UC processed with and with~
out binder materials has shown that a UC; coating is formed only on UC
grains fired with binder present, presumzbly hecause of a reaction
between UC and the oxidizing gases given off by the binder. It is
believed, therefore, that for fuel bodies containing binder materials
there are two opposing effects: (1) an increase in volume because of
the formation of a UQ, coating on the UC and (2) a decrease in volume
associated with the firing of the graphite~binder matrix. Attempts to
eliminate the laminations and surface roughening by firing in dry hydrogen
and by reducing the binder~to-graphite welght ratio to 1:100 were un~
successful.

Impregnation Method. AGOT~type graphite specimens were lmpregnated

with normal, 20%~enriched, and 30%-enriched uranyl nitrate sclutions.

After firing the speclmens in a hydrogen atmosphere, the average percentage
inereases in welght as a result of the presence of U0; in the specimens
were 3.55%, 2.79%, and 3.13%, respectively. Autoradiographs of the

surface and of cross-sectional areas of some of these specimens showed,
however, that most of the U0, existed on or near the surface of the

specimens.

Reactions of U0, with Graphlte

The rate of the reaction of U0, with graphite that is to be expected
in a fuel element consisting of U0, dispersed in graphlte is beling
studied as a function of temperature, UQ; particle size, and CQ pressure
by the thermogravimetrlic methods described previously.5 The apparatus
has been modified so that a platinum, platinum—10% rhodium thermoccuple
can be used for the temperature measurements rather than an optical

pyrometer,

°"GCR Quar. Prog. Rep. March 31, 1960," ORNL-2929, pp. 98—100.
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Data obtained for the reaction between -60 +80 mesh U0, and graphite
at pressures of 1 X 1073 to 1 x 107% mn Hg were fitted to the rate
equation

x = kt}/2 s
where x is the fraction of U0, converted to the carbide, k is the
temperature~dependent rate constant, and t is time, in hours, at tempera~-
ture. The values of k obtained were 0.18, 0.33, and 0.44 at 1275, 1325,
and 1375°C, respectively. These results, when compared with results®
obtained for -325 mesh UO,, indicate that the reaction rate is sensltlve
Lo particle size below about 1325°C and relatively insensitive above this
temperature.

As an exteunsion of this work, preliminary studles of the reactlon
rate of ThQ, and graphite were conducted. Free-energy calculations for

the reaction,
ThO, (s) + 4C (g) = ThC, (s) + 2 CO (g) ,

indicate that the reaction should not occur at temperatures below about
2500°C at CO pressures greater than 1 atm and that at a CO pressure of
1 x 10~% mm Hg it should not occur below 1225°C. The maximum tempera-
ture attainable in the present apparatus is about 1500°C at a pressure
of 1 X 107% mm HBg; no reaction between ~325 mesh ThO, and graphite has

been observed up to this temperature.

Determination of the Elastic Constants of AGOT Graphite

Elastic constant determinations were made by the sonic method on
specimens taken from two different blocks of AGOT graphite. The Magnaflux
Elastomat was used for these ftests. Both the shear modulus and Young's

modulus were determined from the three fundamental modes of vibration

6"GCR Quar. Prog. Rep. June 30, 1960," ORNI~2964, p. 98.
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of each specimen.

in diameter.

The test pleces were nominally 6 In. long and 1/2 in.

The results obtalned at room temperature asre presented in Table 4.4.

It is felt that the
different specimens

of the size and the

discrepancles between the results obtained from

density of voids in the speclmens.

from the same block may be atiributed to veriations

Table 4.4. FElastic Constants of AGQT Graphite at Room Temperature
AGOT Orientation
Specimen Apparent Graphite of Speclumen Mode Blastlc
o DeHSigy. Block to Extrusion of Modulus
(g/cm?) No. Axis Vibration (psi)
x 108
1 1.72 1 Parallel Transverse 2.08
Longitudinal 2.18
Torsional 1.11
2 1.73 1 Parallel Transverse 2.07
Longitudinal 2.27
3 1.67 2 Parallel Transverse 1.57
Longitudinal 1.66
Torsional 0.88
4 1.65 2 Parallel Transverse 1.56
Longitudinal 1.62
Torsional 0.85
5 1.69 2 Normal Transverse 1.50
Longitudinal 1.62
Torsional 0.75
6 1.68 2 Normal. Longitudinal 1.59
Torsional 0.82

The variation of the modulus of elasticlity of AGOT graphite with

temperature was determined from the change of the transverse resonance

frequency of specimen 4 in the temperature range 75 to 1000°F.

4 was from a large block prepared with needle coke. The results of this

test are presented below:

Specimen
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Temperature Young's Modulus

(°F) (psi)
x 108

75 1.540
100 1..536
200 1.524
300 1.516
400 1.513
500 1.513
600 1.513
700 1.515
800 1.520
900 1.526
1000 1.533

The constancy of these values indicates that the modulus of graphite is

not affected by temperature up to 1000°F.

Mechanical Property Tests on EGCR Graphite Sleeves

Eddy~current inspections of graphite sleeves supplied by three
vendors resulted, as reported previously,’ in the rejection of 34, 88,
and 92%, respectively, of the three lots. The sleeves contained defects
in the form of cracks and low-density inclusions, Since stresses in the
range 1200 to 1300 psi may develop in the graphite sleeves during service
in the EGCR because of fast-neutron-induced differential shrinkage,8 the
effects of such defective areas on rupture strength have been studied.

Defects were marked in three sleeves containing low-density areas
and cracks, and test sgpecimens were machined to include the defect areas.
Defect~free specimens and specimens containing artificlal defects were
also prepared. The artificial defects were V-grooves, 1/8 in. x 1/8 in.,
and slots 0.0l in. wide by 0.10 in. deep. Two types of test specimens
were made: (1) a ring cut perpendicular to the axis of the sleeve with
the defect area on the inside diameter and (2) a bar specimen for a

flexure test.

7"GCR Quar. Prog. Rep. June 30, 1960," ORNIL-2964, pp. 121-2.
8Ibid., pp. 4143,
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The ring specimens were used in a "brittle ring" test of the type
developed by the Armour Research Foundation.? In these tests, which
allowed the determination of the rupture strength of the graphlte at
the defect area, the speclmens were stressed to rupture by compression
loading on the outer surface to produce tensile stresses on the inner
surface directly under the points of load application. The flexure
specimens were broken in a three-point-loading flexure test, with the
defect areas in the tension zone. The fracture surfaces of the samples
were examined visually in order to estimate the approximate sizes of
the defects, The results of the rupture tests and the defect size
examinations are presented in Table 4.5.

There were only two flexure specimens that contained observable
defects, The other specimens were machined from areas containing dew
feets, but the defects were apparently removed during the machining
operation. While it is obvious that the defects do lower the strength
to some extent, the .strengths of all but two ring specimens containing
defects fell in the range of strengths (1710-2780 psi) of defect-free
specimens from the three sleeves. The two flexure specimens contalning
defects had strengths in the range of the defect-free flexure specimens,
that is, 2360 to 5620 psil. The effect of the size of the defect is
1llustrated by comparing results of tests on specimens 31 and 32. These
rings were adjacent in the sleeve and had the same type of defects. The
results of this study indicate that defects of the type observed in
these tests would not lower the strength of the graphite to values below

the calculated maximum tensile stress of 1300 psai.

Evaluation of Graphite Coatings

Several samples of BiC~coated graphite were obtained for use in
developing techniques for inspecting coatings on graphite. The first
method studied was an electrode-potential test, which is based upon the

action of an electrolyte that creates a galvanic cell when both the

°3. W. Bradstreet, "Investigation of Graphite Bodies," WADC~TRw=59-760
(October 1959).
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Table 4.5.

Evaluation of Rupture Tests of EGCR Graphite
Sleeve Specimens Containing Defects

Rupture Strength of

, Avproximate Dimensions Specimen  Defect-Free Specimens
Sleeve Specimen PP S Rupture from Ssme Sleeve
of Defect .
No. No. Strength (psi.)
(in.)* ;
(psi)
Average Range
Flexure Test
126 4 None observed 3760 4230 32805140
5 1/2 x 1/4 3170
6 None observed 4640
138 33 3/8 x 1/8 2780 5190 46605620
34 None observed 5960
1% 63 None observed 2930 3270 23604700
64 None obsexved 2450
Ring Test
126 1 1/2 x 1/4 x 1/4 1930 2450 21702780
2 3/4 x 3/8 X 1/4 2090
3 1/2 x 1/4 x 1/8 2360
V groove, 1/8 x 1/8 1630 (2)%*
Slot, 1..00 X 0.01 x 0.10 1730 (2)**
138 29 3/4 x 1/4 x 3/16 1670 1960 1710-2190
30 1x 3/8 1.800
31 1 x 1/4 % 3/8 1640
32 1/4 x 1/4 X 1/4 2250
V groove, 1/8 x 1/8 1500 (2)%*
Slot, 1.00 X 0.01 x 0.10 1690 (5)%*
19 60 Crack on angle 1910 1870 1820~1910
Slot, 1.00 x 0.01 x 0.10 1630 (2)**

*Two dimensions indicate length and depth, respectively, and three

dimensions indicate length, thickness, and depth, respectively.

**Number in parentheses indicates number of specimens tested; the rupture
strength reported is an average value.

coating and the graphite are exposed.

This method is so sensitive to

pinholes in the coating that it can be used only to determine whether

the graphite is 100% coated.

carded, and an eddy~current technlique is being investigated.
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Evolubtion of Lithium from RBel

Beryllium oxide test blocks containing approximately 200 ppm of
1ithium were subjected to a lbé-week heat treatment in a dynamic atmosphere
of CO» at 850°C. 1In order to determine whether lithium was evolved
during the treatment, the reactivity of the beryllium oxide was measured
in a critical assembly before and after heating. A decrease in measured
reactivity values indicated that the samples had become contaminabed
during the test. Subsequent spectrographic analyses of several test
pieces showed that the lithium content remained essentially unchanged
at about 200 ppm; however, the boron content had increased from 2 to
100 ppm. Based on these spectrographic-analysis results, 1t appears

that lithium was not removed during the heat treatment.

Fabrication of Swaged~Rod Irradiation Capsules

Procedures are being developed for producing stalnless-steel-clad,
hot~swaged rods containing UO,; for lrradiation tests in the ORR Poolside
Facility. The capsules will be 0.500 in. in diameter eclad with 0.015 in.
of type 304 stainless steel.

Tests have been made to determine the initial tubing size that will
yield a 0.500~in,-i.d4., 0,01l5-in.~wall rod without internal cladding
defects when filled with U0, and swaged at 800°C. Composite rods have
been processed from tubing initially 3/4 in. in outside diameter and
0.010 in. and 0.020 in. in wall thickness. The 0.010-in.-wall tubing
failed when swaged at 800°C to 0.530 in. in outslide diameter because of
severe folding and wrinkling, in addition to longitudinal cracking
conpletely through the tube wall. On the other hand, the composite
rods formed with tubing with an initial wall thickness of 0.020 in.
exhibited good surface finishes that were free from visible folds or
defects after hot swaging. Ultrasonic inspection of three of these rods
failed to reveal any discontinuities, indicating that the cladding was
free of internmal defects. Difficulty is veing experienced, however,
in swaging to the reference dimensions. Although the rods were swaged

through a 0.530~in.~dlam die on the final pass, the final rod diameter
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was approximately 0.540 in. because of die and machine wear. The wall
thicknesses were found to vary from 0.022 to 0.026 in. Typical dimenslons

and UQ, densities of the swaged rods are given below:

Rods Prepared Rods Prepared
with Fused=and=  with High-Fired

Ground U0, U0,
Qutside diameter of rod, in. 0.541 0.540
Wall thickness of cladding, in. 0.022 0.026
Density of U0z, % of theoretical 94.9 82.4

Four capsules packed with loose U0, powder by tamping were prepared
and are being tested at an external pressure of 300 psi and a cladding
temperature of 1300°F in order to determine whether the over-all
structural rigidity of tamp~packed rods is sufficient to prevent collapse

from external pressure.

Structural Materials Evaluation

Reactions of Type 304 Stainless Steel with CO-CO, Mixtures

A 703~hr test of type 304 stalnless steel exposed to 0.4 vol %
CO + CO, in helium at a CO,~to-CO ratio of 0.46 showed that the reaction
rate at 982°C (1800°F) follows the eguation

Aw = 0,066 £0-481

where Aw is the weight gain in mg/cm? and t 18 the reaction time in
hours. Tn a previous test at a CO + CO, concentration of 2.6 vol %
(C05/CO = 0.07) the equation

Aw = 0.086 0302

described the reaction rate. Caleulations based on these data indicate

that a factor of 5 increase in the CO, + CO concentration (0.4-2.6 vol %)

82



resulted in a 25% increase in the reaction rate. Analyses of all the
rate data obtained at 760 and 982°C for gas compositions rangling from
3 to 100% CO, and O to 97% CO show that the reaction rates are approxi-
mately proportional to the square root of time.

The varliations observed in the extent of carburization of type
304 stainless steel have been postulated to depend on the CO,-to-CO
ratio, and the current test data appear to confirm this hypothesis, in-
asmuch as the carbon content for low CO,-to~CO ratios is higher than for
higher COy~to-CO ratios. For example, at 982°C and with a COp-to~=CO
ratio of 0.07, the final carbon content of the metal was 0.49%, whereas,
with a CO3~-to-CO ratio of 0.46, the carbon content was 0.099%. The extent
of oxidation and carburization becomes insignificant below temperatures

of 700 to 775°C.

Creep Buckling and Collapse of Stainless Steel Tubes

During thelr expected three~year lifetime, the EGCR loop through
tubes will be periodically exposed to an external pressure loading which
could lead to collapse by creep buckling. Since the phenomenon of creep
buckling is not well understood experimentally or theorétically, tests
are under way to obtain the data needed to establlish a fallure criterion
for tubes with external pressure loading. All tests are being run at
1200°F on type 304 stainless steel seamless tubing specimens 12 in. long
that have been annealed at 1900°F for 1 hr in hydrogen. This material
is identicel to that expected to be used in the EGCR through tubes.

Four specimens (0.750 in. o.d., 0.025 in. wall) are being tested ‘e

for creep buckling with an external pressure of 400 psi. The specimens &
have been examined periodically, i.e., at 508, 1252, and 2225 hr, and
no evidence of collapse has bheen found. The test is continulng. Four

Pae N ]

identical specimens are being tested with an external pressure of 600 7

psi. The specimens were examined at 475 hr, and no evidence of collapse
was found.
One specimen (0.750 in. o.d., 0.025 in. wall) has been tested at

1200°F to determine the critical pressure for instantaneous collapse.
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The critical pressure measured in this test was 800 psi. In further
tests the effects of ovality and wall thickness on the critical pressure
will be determined. The results of these tests will be used as base-

line data for sizing of the EGCR through tubes.

Tube-~Burst Tests of Stainless Steel

It has been shown that tubing from two different sources fabricated
to the sampe specification may exhibit considerably different times to

rupture during tube-burst testinglo’ll

and that there wmay he some effect
of specimen length. A series of tests is therefore being run on tubes
2.5 and 6 in. long fabricated from heat No. 23999X of the Superior Tube
Couwpany .

Investigations of the effect of environment on the time to rupture
of seamless type 304 stainless steel tubing have continued, and the
results indicate a definite strengthening effect in atmospheres con~

taining CO. This strengthening effect of CO has also been reported in

the case of uniaxial creep.12

Mechanical Properties of AISI-Type 502 Steel for EGCR Top Grid Structure

An investigation of the mechanical properties of ATSI~type 502
steel has been initlated. Since the use of this material in the top
grid structure of the EGCR core requires that it be welded both to
itself and to austenitic stainless steels, a series of typical welds
were made and examined metallographically. The phases present were
determined, and representative hardness measurements were made. Heat
treatments of the base material that would yield structures similar to
those observed in the welded specimens were selected, and specimens
were prepared for mechanical property tests., The specimens include
(1) as~received material, (2) material annealed for 1 hr at 1900°F,

cooled to room temperabure, and tempered for 1 hr at 1350°F, (3) material

10"GCR Quar. Prog. Rep. March 31, 1960," ORNL~2929, pp. 115-16.
LI"GCR Quar. Prog. Rep. June 30, 1960," ORNL-2964, pp. 106—7.
12"GCR Quar. Prog. Rep. March 31, 1960," ORNL-2929, pp. 102-12,
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treated as in item 2, except that it was annealed at 1700°F, (4) materisl
annealed for 1 hr at 1700°F and cooled to room temperature, and (5) ma-
terial annealed 1 hr at 1700°F, held at 1350°F for 2 hr, and cooled to
room Lemperature.

The design service temperature for this alloy is 1200°F, and hence
the initial test temperatures have been room temperature and 1200°F.

The results of tests to date on a heat of material containing 4.76% Cr,
0.55% Mo, 0.53% Mn, and 0.068% C may be summarized as follows:

1. A1l heat treatments ylelded specimens which could be bent
through 90 deg at room temperature.

2. Sypecimens given the fourth heat treatment had superior room-
temperature tensile and bend properties.

3. At 1200°F the variation of tensile properties of specimens given
any one of the first four heat treatments was slight. However, the fifth
heat treatment yielded material having approximately one-half the strength
of the specimens given the other treatments.

4. The room temperature and 1200°F tensile properties of this alloy
show good correlation with hardness measurements made at the same tempera-
tures.

5. Creep tests run at 1200°F and a stress of 6500 psi in air, in
argon, and in argon containing 5% CO and 5% CO, did not reveal any con-
sistent effect of environment on the mechanical properties of the alloy.

6. The material given the second heat treatment had superior creep
properties, and the as~recelived material had the least creep resistance.

Although these results indicate that there will be no problems
associated with welding this material, even if postwelding heat treat~
ments are not carried out, it should be realized that this material conw-
tains less than one-half the 0.15 wt % maximum carbon content specified
for this steel. Several specimens were carburized in CO at 1700°F,
homogeneized at 1900°F, and tested in bending at room temperature to
evaluate the effect of carbon content on the toughness of the material.
The results of the tests are summarized in Table 4.6. As may be seen,

increasing the carbon content to approximately 0.15 wt % decreased its
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Table 4.6. Room-Temperature Effect of Carbon on
Bend Properties of AISI-Type 502 Steel

Maximum Stress at

Carbon s
Heat Treatment Content Hardness, Df?l?cm PrOP?rylonal
(wt %) RC clon Limit
(in.) (psi)
Annealed 1 hr at 1900°F in
Ar 0.068 35 0.25 157 000
Carburized by heating 1 hr 0.12% 41 b 164 400
at 1700°F in CO and
annealed 1 hr at 1900°F
in Ar
Carburized by heating 2 hr 0.16~ 46 b 172 200
at 1700°F in CO and
annealed 1 hr at 1900°F
in Ar
Carburized by heating 3.4 hr 0.28% 53 0.060 393 400
at 1700°F in CO and
annealed 1 hr at 1900°F in
Ar
Carburized by heating 19 hr 0.86 67 0.014 164 600°

at 1700°F in CO and annealed
1 hr at 1900°F in Ar

Carburized by heating 26 hr 1.1 66 0.013 155 900°
at 1700°F in CO and anneal-
ed 1 hr at 1900°F in Ar

a, . . . .
Determined from analysis of starting waterial and weight change of
sample during carburization treatment.

bExact deflection at which cracks formed not detectable, but cracks
were present after 0.25~in. deflection.

CBrittle failure.

ductility; hence, the weldability of material of this carbon level should

be investigated before a welding procedure is specified.

Studies of Pressure Vessel Steels

Investigations are continuing in an effort to obtain a better
understanding of the brittle~fracture characteristics of the weld~heatw

affected zones in ASTM A-212, grade B, pressure vessel steel. Some
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data recently obtained from the work being carried out at Rensselaer
Polytechnic Institute indicate that exposure to thermal cycles with =
maximum temperature of 2400°F at energy inputs of 150 000 or 200 000
joules/in. causes a reduction in notch toughness similar to that found
as a result of thermal cycling to 2400°F using an energy input of

100 000 joules/in.l3 A stress~reliefl heat treatment at 1150°F for 4 hr
after any of these cycles did not appreciably change the notch toughness,
presumably because the structure was essentially an aggregate of ferrite
and pearlite.

Part of a series of experiments to simultaneously evaluate the
notch toughness of ASTM A-212, grade B plate, the heat-affected zone,
and the filler metal ags found in a weldment has been completed. Filler
metal E7018 was welded into U-shaped grooves (0.300 in. across and
0.200 in. deep) using different energy inputs. Charpy V-notch specimens
were then machined 1n such a way that the metal below the notch con-
sisted of equal areas of weld metal and base metal. The base~metal
portion of the sample also contained the heat~affected zone.

The mid-energy-range and 50%-shear transition temperatures for
these Charpy V-notch specimens for varlous welding conditions are shown
in Table 4.7. The data show that double-pags welds have better notch
toughness than single~pass welds, as indicated by the lower transition
temperatures. Also, in the energy range studied, the single-pass welds
made at a lower energy input appear to be slightly tougher than counter=
part high~energy-input welds. Preheating the base plate to 200°F
appeared to lower the transition temperature for the double-pass welds
but did not significantly change the notch toughness of single-pass

welds.

Compatibllity of Molybdenum with Coolant Tmpurities

Refractory metals, such as molybdenum, are belng considered for

use in high~temperature gas~cooled reactors, and little is known about

13"GCR Quar. Prog. Rep. March 31, 1960," ORNL~-2929, pp. 118-22.
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Table 4.7.

Specimens of ASTM A~212, Grade B, 4~in.-Thick Plate

Effect of Various Welding Conditions on CharpyéV%Notch

. o Mid-Energy-
Plate Welding Current Welding E7018 Energy 50@ $h?ar Range
Sample Pass Tempera- - Electrode S Transition | .
Speed A X Input ’ Transition,
To. Yo. ture . . Diameter . . Tempersture
o Amperage Voltage (in./min) . (joules/in.) A Temperature
( F) (J-n' ) ( F) (OF\]
1 1 80 160 21 8.75 5/32 23 100 45 30
2 80 205 22 6.70 3/16 42 225
2 3 80 200 23 3.75 5/32 73 600 45 30
4 80 235 23 4.16 3/16 7% 000
3 5 80 250 24 3.97 3/16 90 700 65 55
4 6 80 200 21 3.60 3/16 70 000 55 40
5 7 200 160 21 9.00 5/32 22 400 25 25
8 200 205 23 7.20 3/16 3% 300
6 9 2CC 200 23 5.43 5/32 50 800 25 25
10 20C 235 23 3.10 3/16 105 000
7 11 200 250 24 e 3/16 81 900 60 60
8 12 200 200 21 4.0 3/16 62 500 50 50

®A11 welds were given a stress-relief anneal at 1150°F for 4 hr.

bMid-energy—range transition temperature for the as-received materisl 1s approximately 50°F.



thelr compatibility with gases that might be present as impurities in
the coolant stream. Studies are therefore being made of the thermo-
dynamic equilibria for the systems involved.

Studies of the following reactions have been made based on avallable

informetionst4=27

Mo(s) + 2C0,(g) = MoO;(s) + 2C0(g) (1)
Mo(s) + 2Hp0(g) = MoOa(s) + 2H;(g) (2)
2Mo(s) + 2C0(g) = MooC(s) + CO,(g) (3)
2Mo(s) + CHz(g) = Mo,C(s) + 2H,(g) (4)

The caleculated effects of the oxidizing or carburlzing gas mixtures

CO, + CO, Hp0 + Hp, and CHy + Hp on molybdenum are shown in Fig. 4.1 as
a function of temperature. The combinations of temperature and gas
ratios which lie to the left and below the curve for the Mo0,-Mo-CO-CO,
equilibria are reducing to MoO, and those to the right and above are
oxidizing to molybdenum; the curve gives the specific temperatures and
the ratios of the partial pressures at which Mo~MoQ,~CO-C0O, are in
equilibrium.

In section A of Pig. 4.1, the H0 + Hp mixtures are reducing to
molybdenum, the CO; + CO mixtures are both reducing and carburilzing,
and the CH; + Hpy mixtures are decarburizing. In section B the H,0 + H,
mixtures are reducing, the CO, + CO mixtures are both reducing and

carburizing, and the CHy + Hp mixtures are carburizing. In section C

14K. Tonasaki, Bull. Inst. Phy. Chem. Research, Tokyo, 19, 126
(1940).

13y, deKay Thompson, "The Total and Free Energy of Formation of the
Oxides of Thirty-Two Metals,” pp. 2122, The Electrochem. Soc., Inc.,
New York, 1942.

16K. K. Kelly, Bur. Mines Bull. 407 (1937).
17K. K. Kelly, Bur. Mines Bull. 476 (1949).
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RATIO OF OXIDIZING OR CARBURIZING GASES (€0, /CO, CHg/Hp, Hp0/Hp)

Fig, 4.1. Effect of Oxidizing and Carburizing Mixtures of CO, + CO,
CHs + Hp, and H,0 + Hy on Molybdenum.

the H,O0 + Hp mixtures are reducing, the CO, + CO mixtures are both
reducing and decarburizing, and the CH; + Hy mixtures are carburizing.
In sections C and A there are competing reactions for carburization and
decarburization. There is, of course, some question in each case as to
which reaction is the rate controlling one; however, free~energy calcu-
lations indicate that in section A the decarburizing reaction should
take place and in section C the carburizing reaction should occur.

If the assumption is made that the amounts and species of impuri-
ties that wlll be present in the coolant of a gas-~cooled reactor will
be determined by the outgassing of the graphite moderator, then, the
main impurities in the cooclant will be hydrogen and carbon monoxide,

with a moderate amount of carbon dioxide and very little methane, based
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on the results of the graphite outgassing experiments.ls'l9 In an
atmosphere such as this, the equilibrium curves predict that molybdenum
will remain bright up to approximately 1000°C.

An Important point that should be noted here is that the eguilibrium
curves show that relatively wet hydrogen will reduce MoO,; that is,
molybdenum will remain "bright" in relatively wet hydrogen. The signifi-
cance of this is that if a steam leak should occur in the heat exchanger,
a large amount of water would have to be present for MoO; to be formed
and a still larger amount for MoO3 to be formed, since the equlilibrium
curve for the reaction MoOs + Hp &= MoO, + Hy0 will lie below and to
the right of the MoO;-Mo~Hy-Hy0 equilibrium curve.

At the present time these curves are tentative, Further caleulations
based on the work of other investigators will be made to check the validity

of these curves and to determine the equilibria for other reactions.

Manufacturing and Inspectlon Methods Development

Fuel Element Fabrication

A series of fuel element end cap welds were made to determine the
tolerance limits for protrusion of the end cap from or Into the fuel
element tube. It was found that no significant difference in welding
characteristics could be noted with the end cap protruding from or into
the tube as much as 0,010 in. The specimens were found to be leaktight
by use of a hellum mass spectrometer, and no indication of defects could
be detected by radiography. Metallographic examination showed the con~
figuration and penetration of the weld bead to be satisfactory.

Two specimens were also welded with the end cap flush against the
fuel, since this condition might be encountered at times in the fabri-
cation of a large number of elements. It would be expected that welding

under these conditions might cause a strain on the weld because of

18"GCR Quar. Prog. Rep. Dec. 31, 1959," ORNL-2888, pp. 153-8.
19"GCR Quar. Prog. Rep. March 31, 1960," ORNL-2929, pp. 196-20L.
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shrinkage during cooling. When examined by fluorescent penetrant
techniques, one weld of this type was found to have cracklike indications
around the periphery. It is recommended that the tolerances be specified
so that welds of this type will be avoided.

After brazing the mid-plane spacers to the fuel element capsule
tubing with GE No. 81 brazing alloy (flow point of 2150°F), nonuniform
grain growth in the tubing was observed, probhably as a result of inter~
mittent cold work introduced into the tubing from the mill-straightening
operation. Such differences in grain size give variable mechanical
properties to the tube wall and make predictions of the fuel element
behavior difficult. Consequently, samples of l/4~hard and l/8~hard
tubing were obtained to determine the metallurglcal benefits that might
be obtained with precold-worked tubing. Mid-plane spacers were brazed
in place utilizing representative brazing thermal cycles of 10 min and
30 min at 2150°F, and the grain size of the tubing was compared with
that obtained with annealed and straightened tubing. No significant
difference in grain size was observed when the 2150°F brazing temperature
was used, and thus cold-worked tubing can not be expected to materially
improve the condition. Studies are now under way to determine the grain
size of these tubes after brazing at the lower temperatures which would
be associated with the substitution of other brazing materials, such

as copper (flow temperature of 2020°F).

High~Temperature Thermocouple Development

Junction failures have been encountered frequently in the operational
testing of stainless steel-sheathed tungsten-rhenium thermocouples. In
order to provide a more reliable welded jJjunction, a fabrication procedure
was developed that incorporates a modified junection design. Instead of
making a direct junction between the 0.025~in.~diam tungsten and rhenium
wires, a spring-like length of 0.01l0-in.-diam rhenium is placed between
the tungsten and rhenium primary wires, as shown in Fig. 4.2. This
small-diameter length of rhenium serves as a flexible member and mini-

mizes strains in the welded Joints. Sample thermocouples that are
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Fig. 4.2. Tungsten~Rhenium Thermocouple Weld with 0.010~in.-diam
Rhenium Wire as a Flexible Member Between the Two 0.025=In.-diam Primary
Wires.

being tested and calibrated have been operating continuously for over
1000 hr.

Graphite Sleeve Tnspection

Additional graphite~sleeve samples were requested for evaluation
because of the discovery, as reported previously,20 of cracks and low~
density areas 1n the graphlte sleeves supplied by three vendors. The
additional samples received from two of the three vendors have been
evaluated by the eddy-current test.

The six samples submitied by the National Carbon Company included
three types of graphite: (1) small-grain AGOT, (2) large~grain AGOT, and
(3) a special fine-grained graphite. Several areas that produced signals
as large as, or larger than, those produced by the standard defect were
found in all the AGOT samples.

Five specimens of type 9015 graphite rod, 5 in. in dlameter and
11 in. long, were submitted by the Speer Carbon Company. The eddy=-
current inspection revealed no discontinulties, and there were no back-

ground "nolse" signals, as found in previous specimens. These samples

20"GCR Quar. Prog. Rep. June 30, 1960," ORNL~2964, p. 121.
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appear to have uniform physical characteristics and are the best specimens

examined to date.

Welding of EGCR Loop Through Tubes

Tests are continuing in an effort to develop suitable procedures
for attaching the EGCR loop through tubes to the loop assembly. Linear
plate welding by the inert-gas~shielded, consumable~electrode process
on Joint configurations similar to those anticipated in the EGCR was
described previously.?t

Since the feasibility of this welding process was demonstrated, a
recently developed commercially available alir~cooled torch was modified
and used in producing concentric~tube seal welds for this application.
Specimens for welding were machined from concentric tubes of 1/4~in.-wall
type 347 stainless steel pipe. A rotary welding positioner was modified
to hold and rotate the torch in relation to a stationary specimen. The
specimen and torch mounted on the positioner may be seen in ¥Fig. 4.3,

As far as possible, conventional welding equipment was used; however, to
supplement the existing equipment, an independent power supply for the
wire feed was provided. In addition, an adjustable alignment apparatus

was constructed to provide suitable rigidity to the torch, since

2 'GCR Quar. Prog. Rep. June 30, 1960," ORNI~2964, pp. 122-6.
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Fig. 4.3. Equipment Setup Used for Welding Concentric-Pipe Specimens.
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preliminary experiments indicated that good alignment of the toreh in
relation to the jolnt was necessary. ©Slight modifications in the torch
were also regulred to prevent electrical short circuits in the wire~
feed mechanism.

With the use of this equipment®t, high-guality spray-transfer welds
were made on concentric pipes that were comparasble with those obtalned

on linear plate. The good bead contour of a typlcal weld may be seen
in Fig. 4.4.

Welding of Dissimilar Metals

The following Welding Procedures and Operator's Qualification Test
Specificatlions have been completed: (1) "ORNL Procedure Specification

b UNCLASSIFIED
b v36259

Fig. 4.4. Typical Weld Made on Concentric Type 347 Stainless Steel
Pipe.
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P.S.-31 for Metal Arc Welding of ASTM A-~387 Chromium-Molybdenum, Grade-D,
Steel Plate to Types 304, 304L, 308, 316, 316L, and 347 Stainless Steel
Plate," and "ORNL Operator's Qualification Test Specification QIS~31"

for these materials combinations; and (2) "ORNIL Procedure Specification
P.S.~32 for Metal Arc Welding of Carbon Steel Plate ASME — P No. 1 to
Types 304, 308, 316, and 347 Stainless Steel Plate,” and "ORNL Operator's

Qualification Test Specification QTS~32" for these materials combinations.

Beryllium Investigations

Compatibility of Beryllium with Coolant Impurlties

Reaction with COp. The investigation of the compatibility of beryllium

with CO, was extended to inelude the determination of the effect of
pressure on the reaction rates. Tests of -200 mesh beryllium powder were
conducted in CO, at pressures of 1 X 10™> mm Hg and 760 mm Hg. The CO,
for the low~pressure tests was obtained by decomposing CaCOs; purified
bottle gas was used for the atmospheric pressure tests. Tests were run
at 720, 650, and 600°C in atmospheric and low-pressure CO,.

In plotting the data from the tests it was noted that the rate of
welght change continuously decreased with time, as would be expected for
the formation of a protective oxide film when the oxidation rate is
parabolic. The equation for this type of reaction is

s = k™ ,
where Aw 1s weight gain in pg/cm?, t is time in hours, and X and n are
constants.

When the natural log is taken of both sides of this equation, the

following linear relationship is obtained:

ln Aw = In K +-% In t

The experimental data are being fitted to this eguation by the method

of least squares. Table 4.8 gives the values of lun K and 1/n obtained
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Table 4.8,

for Reaction of Beryllium with CO;

Values of 1n K and 1/n at 99% Confidence Level

Test Duration €O,
Temperature of Test In X 1/n Pressure
(°c) (hr) (mm Hg)
850 1000 -5,860 + 0.453 0.3414 + 0.0823 1 x 10~
846 350 ~5.778 £ 0.528 0.3427 £ 0.1123 1 x 1073
838 350 -4.,963 % 0.516 0.3838 + 0.1118 1 x 10™3
720 1000 ~5.461 £ 0.477 0.3224 + 0.0803 1 x 1073
720 225 -6.824 + 0.715 0.6862 + 0.1706 1 x 1073
720 400 ~5,167 + 0.667 0.4347 + 0.1331 760
600 350 ~7.354 £ 0.665 0.6132 = 0.1175 1 x 1073

in this manner.

In all cases the phases present after testing were

beryllium and beryllium oxide.

presented in Figs. 4.5, 4.6, and 4.7.

The rate curves obtained by plotting welght change versus time are

The CO, pressures for the two

experiments at one specific temperature differ by a factor of 0.76 x 10%;

however, the rate curves at a given temperature are only slightly
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different. This strongly indleates that the reaction of beryllium with
CO, 1s independent of pressure and that the rate~controlling phenomenon
in the oxidation process is the diffusion of the oxidizing species
through the protective oxide film.

Reaction with Water Vapor. An investigation of the compatibility

of beryllium with water vapor at reduced pressures has been started. The
tests are belng conducted on -200 mesh powder in a system similar to

that used for the Be~C0, compatibility studles. Water vapor for the
tests is obtained by the decomposition of Ca(0H),.

One test has been completed. The test temperature, which was
initially 700°C, was ralsed to 750°C after 424 hr and allowed to remain
there for the duration of the test. The weight-gain data from thls test
are plotted in Fig. 4.8. It should be noted that the oxidatlon rate
is very slight (even less than the rate for beryllium with low-pressure
CO, at 600°C) and that the rate of welght gain continuously decreases
with increasing temperature. It thus appears that a protective film
is being formed.
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Procurement of Beryllium Tubing

Additional guantities of beryllium tubing were received on the

purchase orders described previously.22

The three sources are Pechiney
of France, the Chesterfield Tube Company of Fngland, and the Brush
Beryllium Corporation. The Chesterfield Tube Company has been optimizing
their fabrication procedures and arc continually producing hetter gquality
tubing to closer tolerances. At the present time they can meet z +0.0025~
in. specification on the inside diameter. It is expected that the
balance of the tubing on the Chesterfield Tube Company purchase order,

which has been shipped, will be of higher quality as a result of the

Tabrication procedure improvements.

Fabrication of Tubing

A final report has been received from Nuclear Metals, Inc.,??
deseribing the work completed on a subcontract for investigalting the
effect of extrusion variables on the gquality and properties of beryllium
tubing. Nuclear Metals has worked on the development of extrusion
technigues for the production of beryllium tublng in the size range
0.400 to 0.750 in. in cutside diameter with 0.030~ to 0.100~in. walls.
Three specific sizes were extruded by two different techniques during
the development work: (1) 0.400 in. o.d. with a 0.030~in. wall, (2) 0.750
in. o.d. with a 0.030~=in. wall, and (3) 0.750 in. o.d. with a 0.100-in.
wall. TIn one method, the filled~billet method, a hollow beryllium core
in an extrusion billet was filled with a steel filler that was removed
after extrusion. In the other method a hardened-steel mandrel was used
to form and control the inside dismeter of the tube. Both of these
methods were used to produce the 0.400~in.=-0.d. tubing.

The lowest degree of preferred orientation was found in tubes ex~

truded by the filled~billet method from hot-compacted cores contained

22"GCR Quar. Prog. Rep. June 30, 1960," ORNL~2964, p. 135.

23R. N. Randall and F. M. Yans, "Development of Techniques for the
Extrusion of Beryllium Tubing," NMI~2602 (June 30, 1960).
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within a thick-walled can. A low degree of preferred orientation was
also found in tubing extruded at lower temperatures and lower reduction
ratlos. Tubes produced from hot-compacted cores by extrusion with a
mandrel had a high degree of preferred orientation but also had the
highest room~temperature burst strengths. BSections of these tubes have
been received at the Laboratory for evaluation.

The 0.750-in.~0.d., 0.030~in.-wall tubing was produced by extrusion
of hot~compacted billets over a mandrel. Because of equipment limita~
tions it was necessary to extrude at reduction ratios varying from 15:1
to 2511, Tubes extruded at the lower reductions cracked more severely
than those extruded at high reductions, presumably because the heavy

steel sheath held the beryllium in tension during cooling.

Beryllium Tubing Evaluation

The evaluation of beryllium tubing has been continued with tests on
tubing from American, British, and French sources .24 Although a con~
siderable amount of additional tubing has been investigated, the percentage
of tubing containing discontinuities is about the same. The following
is a brief summary of all inspectlon results to date using penetrant,
radicgraphic, ultrasonic, and eddy-current techniques.

Tubing from Brush Beryllium Company. Evaluation has been completed

on 121 pleces of tubing machined from hot~pressed block, 98 from hot-
extruded rod, and 62 from warm-extruded rod. In addition 38 pleces of
warm-extruded tubing have been examined. All the tubing contains a few
shallow pinholes. Approxlmately one~third of the machined tubing has
been rejected because of failure to comply with the wall~thickness
tolerance. ILess than one~fifth of the warm~extruded tubing has been
rejected for this reason. A large number of defect indications have
been noted during the eddy=-current examinations. Of the machined tubing,
84% from the hot-pressed block, 38% from the hot-extruded rod, and 88%

from the warm-extruded rod hsve contained defect indicatiocns in excess

24'GCR Quar. Prog. Rep. June 30, 1960," ORNL~2964, pp. 136-8.
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of that from a 0.006-in.-deep reference notch. TFurther study of these
defect indications is belng conducted.

Tubing from Pechiney. A total of 179 pieces of 0.300-in.-i.d.

tubing has been examined. Penetrant examination has shown small plts
and pinholes in all the tubing and circumferential and longitudinal
cracks in 15% of the tubes. Radiographic examination has shown some
nigh-density material in most of the tubing and circumferential pitting
in approximately one-~half the tubing. Only 5% of the tubing failed to
neet the wall~thickness tolerance. Slightly over one-~half of the tubing
presented excessive defect indications during eddy~current inspection.

Tubing from Chesterfield Tube Company. High-density material

continues to prevent vallid radiographic inspection. The rough outer
surface is still causing difficulty during penetrant and ultrasonic
examination, but 20 pileces have been evaluated by both resonance and
pulse~echo ultrasonics. No rejections were made. Further evaluations

are being conducted.

Beryllium Joining

The utilization of beryllium as a cladding material for advanced
gas~cooled reactor fuel elements requires that suitable Jjoining techniques
for this material be developed. Investigations are therefore being con-
ducted to evaluate various procedures for sealing tubular fuel elements
and to determine suitability for extended elevated~temperature service.
The procedures include fusion welding, high~temperature brazing, and
diffusion bonding. In addition to these developmental efforts, beryllium-
clad fuel capsules were fabricated for irradiation studies in the ORR.

In~Pile Test Capsule Fabrication. Several beryllium-clad capsules

containing U0, fuel were received from the United Kingdom Atomic Fnergy
Authority and the Commissariat a l'Energie Atomique of France for irradia-
tion in the ORR poolside facility. The UKAEA and CEA capsules were
nominally C.380 in. o.d. and 0.600 in. o.d., respectively, with 0.040-in.
walls, and were 6.484 in. long.

Two counterparts of each type of foreign-made capsule (one spare of

each type) were fabricated for irradiation under similar conditions.
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These counterpart capsules were fabricated from tubing from the Brush
Beryllium Company (0.38 in. in diameter) and from Pechiney (0.60 in. in
diameter). End caps were machined from Brush 82004 extruded rod. The
capsules were sealed with edge~fusion welds by the techniques discussed
in the following sectlon, Measurements made during asseubly showed axial
clearances within the ecapsule ranging from 0.058 to 0.064 in. and di-
ametral clearances varying from 0.0013 to 0.0032 in.

Visual, dye-penetrant, helium leak testing, and radiographic inspec-
tion indicated that these capsules were sound. As shown in Fig. 4.9,

no porosity was detected in the welds of the smaller diameter capsule;

UNCLASSIFIED
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Fig. 4.9. Radiographs of the Fusion Welds on ORNL Beryllium-~Clad
Capsules.
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however, very fine-line porosity was observed in the radiograph of the
larger diameter capsule.

The foreign-made capsules were inspected by identical procedures
before assembly into the test apparatus. In general, much more porosity
was detected in the closure welds, but the capsules were leaklight and
acceptable,

Fusion Welding. The study of fusion welding of beryllium 1s con=-

tinuing in an effort to establish consistently reproducible techniques
for fabricating end closures on beryllium tubular fuel elements. The
investigation is also concerned with the evaluation of the weldability
of tubing made by various fabrication processes.

Successful welds have been made on end-closure Joints by using the
inert~arc process. Figure 4.10 illustrates the excellent metallographic
appearance of the fusion~welded Dberyllium joints presently being produced.
These edge~welded end closures were leaktight in a mass~spectrometer
test.

It is interesting to note that the joints shown in Fig. 4.10 are
crack~free, in comparison with the joints shown in the previous report25
that contained extensive root cracking. The crack-~free Joints were
obtained by utilizing press~fitted end caps machined from high~purity
material. The tight~fitting joint resulted from machining the end cap
to a 1-mil interference fit with the tube and freezing the cap in liquid
nitrogen prior to joint assembly. This procedure is admittedly difficult
and inconvenient, and other means are being investigated. One possible
solution now under study incorporates s slightly tapered end plug which
would give the desired tight-fitting Jjoint and also minimize the assembly
difficulties. Closure welds of this design are heing tested.

While the joints shown in Fig. 4.10 are crack-free, only welds made
on Brush Beryllium Company hot-pressed tubing (¥ig. 4.10a) consistently
contain no porosity. The porcosity generally occurring in the extruded
tubing of Figs. 4.10b, c, 4, and e constitutes a problem that is re-

ceiving considerable study. It has been found that an increase in inert

23"GCR Quar. Prog. Rep. June 30, 1960," ORNL-2964, p. 144.
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gas flow around the electrode during welding provides improved bead
coverage, with a resultant decrease in the amount of porosity occurring
in weldments. The determination of the extent to which such an improve-
ment affects the mechanical properties is being evaluated.

Shear tests have been performed on tube~to~end plug beryllium welds
in an effort to determine the mechanical strength of beryllium edge
welds. 'The Jjolnts were hydraulically stressed to fallure at room tempera-
ture. The results of these tests are presented in Table 4.9. It should
be noted that all end-plug Jolnts were loose fitting, except those of
the oval-shaped Chesterfield tubes. These Joints, welds 69 and 70, were
the only group in which all failures occurred in the tube rather than
the weld bead. The probable explanation for this occurrence is that
areas of very tight fit existed in these oval tubes. It has been found
that severe root cracking of welds is associated with loose~fitting end
caps. This might explain the low joint efficiencies observed in the
other samples tested. The joint efficlency is defined as the ratio of

the weld~failure stress lo the tube-fallure stress, expressed in percent.

Table 4.9. FEvaluation of Beryllium End~Cap Welds by
Shear Testing at Room Temperature

Fabrica~  Fracture Fracture Tocation Joint
tion Pressure Stress of Efficiency
Metnod* (psi) (psi) Failure (%)
Tube BA-H 12 700 (av) 47 000 (av) Tube
Weld No. 57 BA-H 7 080 26 500 Weld 56.4
58 BA-H 10 600 40 000 Weld 85.2
Tube BC-WE 14 200 (av) 53 000 (av) Tube
Weld No. 63 BC-WE 11 300 42 500 Tube 100
64 RC~WHE 10 600 40 000 Weld 75.5
Tube CT-HE 10 00Q (av) 40 000 (av) Tube 100
Weld No. 69 CT~HE 10 600 40 000 Tube 100
70 CT-HE 5 660 21 200 Tube 100
Tube PT~HE 15 000 (av) 54 000 (av) Tube
Weld No. 71 PT--HE 11 300 42 400 Weld 78.5
72 Pr-HE Tube cracked during handling

¥BA-H:  Brush tubing machined from hot~-pressed rod.
BC~-WE; Brush tubing machined from warm-extruded rod.
Cl~HE: Chesterfield tubing, hot extruded.

PT-HE: Pechiney tubineg, hot extruded.
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5. IN-PILE TESTING OF COMPONENTS AND MATERIALS

Fuel Element Irradiation Program

Full~Diameter Prototype EGCR fuel Capsules

Irradiation in the ORR of the eight group II experimental capsules
described previousl;y'l’2 was completed on June 11. Following withdrawal,
the units were moved to the west pool of the reactor facility and readied
for transfer into the ORR south hot cell. The operating data for this
experiment are summarized in Table 5.1. Irradiation of 14 capsules de-

signed for various UO, fuel burnups is continuing in the ETR.

Beryllium Cladding and UO, Grain-Size Studies

The eight group III experimental capsule assemblies’

that were de-
signed for irradiation at a reactor power of 30 Mw were completed and
inserted in the reactor at the beginning of cyele 283 lrradistion started

August 14, 1960. These eight capsules are described below:

Capsule No. Capsule Description

01-3 Stainless-~steel~clad, cored, large-grain-size UO,
pellets, 0.323 in. in inside diameter; cladding
0.75 in. 1n outside diameter; central thermo-
couple installed; CORNL fabricated

02-3 Beryllium-clad, solid UO, pellets, 0.59 in. in
outside diameter; ORNL~fabricated counterpart
of capsules 03-3 and 04-3

03-3 Same as 02-33; CEA France fabricated
04-3 Same as 03-3
05-3 Beryllium~-clad, solid UO, pellets, 0.38 in. in
' outside diameter; UKAEA fabricated
06-3 Same as 05-3
07-3 Same as 05-33; CRNL fabricated
08-3 Same as 01-3, except that capsule contains small-

grain-size U0, pellets

1"GCR Quar. Prog. Rep. Dec. 31, 1959," ORNL-2888, p. 99.
2"GCR Quar. Prog. Rep. March 31, 1960," ORNL-2929, p. 148.
3"GCR Quar. Prog. Rep. June 30, 1960," ORNL-2964, p. 149,
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Table 5.1.

Irradiation starting date: December 3, 1959

Irradlation ending date: June 11, 1960

Irradiation time normallzed to operation at 20 Mw: 144.9 days
Reactor power generation during irradistion: ~69 530 Mwhr

Sumraxry of Operating Data for Group II Full-Diameter Prototype EGCR Fuel Capsule Irradiations in the ORR

Capsule Number

01-2 02-2 03-2 04=2 G5=-2 06-2 Q7-2 08-2
Reactor position P-8, P-9 P-8 P-7, P-8  P-7 P-3 P-2, P-3 P-2 P-1, P-2
Perturbed therral flux, neutrons/cm?-sec 6.04 x 10%2 6.18 x 10'2 8.2 x 10%? 8.2 x 10'? 9.12 x 10%% .55 x 10** 3.63 x 10*2 4.27 x 10%2
Munber of pellets 12 12 iR 12 12 12 11 11
Pellet density, % of theoretical
Buik, average 95.62 95.81 94.26 94.35 94.80 94.26 95.26 95.44
Immersion, average 97.90 97.72 97.63 97.72 97.27 9g.18 97.08 98.18
Pellet enrichment, % U237 6.49 6.49 5.03 5.03 4,60 6.10 7.49 6.83
Oxygen~to-uranium ratio 2.0105 2.0105 2.0044 2.0030 2.0020 2.0022 2.0026 2.0025
Pellet dismeters (cold), in.
Inside, aversge 0.3231 0.3229 0.3233 0.3233 0.3246 0.3250 0 0
OQutside, average 0.7057 0.7055 0.7060 0.7060 0.7061 0.7062 0.7062 0.70861
Radial clearance between U0, and
cladding, in.
Maximum $.0033 C.0029 0.0031 0.0031 0.0031 0.0027 0.0028 0.0029
Minimum 0.0024 0.0024 0.0024 0.0024 0.0022 0.0020 0.0024 0.0024
Total power, Btu/nr £t 27 870 28 530 28 820 28 850 29 530 28 000 24 640 26 460
Total heat flux, Btu/hr-ft? 150 800 154 300 155 900 156 100 159 800 151 500 133 300 143 100
Burnup, calculated
Total, Mwd/MT of U0, 2061 2109 2167 2167 2209 2103 1430 1535
Rate, Mw/MI of U0, (per day at
full power) : 14.23 14.56 14.96 14.96 15.25 14.52 9.87 10.60
Typical irradiation corditions®
Temperature at outer surface of
cladding, °F
Design 1300° 1600° 1300° 1300° 1600° 1600° 1300° 1600°
Highest 1375 1595 1370 1380 1595 1580 1420 1590
Lowest 998 1225 942 990 1370 1412 1215 1380
Average 1310 1462 1315 1320 1476 1493 1288 1485
Pressure on outer surface of
cladding, psig 286 285 285 283 290 282 283 202
Controlled thermal cyclescL
First week 0 0 20 20 20 20 20 20
Last week 0 0 24 24 14 14 14 14
a

As of 9 a.m, on March 16,
b
Average temperature to be

1960.

cHighest tewperature to be

indlcated by the

indicated by the

six thermocouples.

thermocouples.

il A s \ . ; - . . s .
Controlled thermal cycling conducted only during first and last week of irradiation period.
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Pertinent design data and planned operating conditions for this experil-
ment are summarized in Table 5.2.

The design was based on thermal-neutron flux values obtained from
measurements taken November 30, 1959, After the group II capsules were
removed, a more complete set of flux measurements was made, and lower
values were obtained. These data were used for calculation of design
revisions after assembly work was well under way, and adjustments were
made where feasible to reposgsition the capsules closer to the reactor
core, Unfortunately, it was not possible to attain the flux originally
specified,

The 0.39- and 0.59~in.-0.d. beryllium~clad elements of group III
are mounted In pressurized NaK-containing capsules with thermal-barrier
gas temperature control similar to that used for the group I and IT
irradiations., The specimen cans are located by molybdenum spacers within
slotted 3/4-in.-o0.d. stainless steel tubes which are mounted as for
previous experiments, The components of a mockup assembly are shown in
Fig. 5.1. The gang-type cadmium shutters used for applying thermal cycles
to group I and IT experiments have been replaced with chimney-type units
located on each individual capsule. Each shutter is operated by a cable
driven by a pneumafic cylinder attached to the upper end of the experi-
ment lead tube.

The EGCR-prototype full-diameter capsules 01-3 and 08-3 contain
large and small grain-size UO, pellets, respectively, and tungsten-
rhenium thermocouples for measurement of central temperatures, Un~
fortunately the rhenlum wire of the thermocouple in capsule 08-3
separated within its stalnless steel sheath during brazing to the capsule
bulkhead and repair was not possible., At the beginning of irradiation,
the central thermocouple of capsule 01-3 produced a thermoelectric
signal, but agaln difficulties probably resulting from assembly problems
were apparent. After a brief operating period and while the reactor was
returning to power following refueling, the thermocouple emf drifted
erratlcally to a low value, where it has remained. The difficulties

encountered are not thought to be fundamental to the thermocouple
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Tabie 5.2. Sumrary of Design Data and Planned Operating Conditions for CGroup III Capsules

Capsule Number

01-3 02-3 03-3 04-3 05-3 06-3 07-3 08-3
Experimert code number OR=2G CR-2B TR~ IBN FR-2BN BER-1B BR-2B OR-iB OR-1G
Origin of specimen ORNL CRNL CEA, France CEA, France United United ORKL ORNL
Kingdom, ARA  Xingdom, AEA
Specimen identifilcation Tube 4=8 ORNL~2B-1 03 08 30098 2932 ORNL~-1B-2 Tube F-18
Thermal flux,
neutrons/cn? - sec
Design {based on 1.66 x 303 2.89 x 10%3 7,62 x 10%3 7.86 x 10*3  2.24 x 10%? 2.24 x 1013 2.39 x 10'3 1.66 x 103
11/30/59 measurements),
perturbed

Reviged estimated (based
on 6/30/60 measure-

ments )
Unperturbed 2.65 x 10*2 4.15 x 10*?  9.20 x 10%? 8.30 x 10*? 3,25 x 10%3 2.90 x 1012 2.80 x 10%? 1.70 x 10%3
Perturbed 1.33 x 10%3 2,14 x 10%2 5,00 x 10*?  4.83 x 10*? 1,95 x 10%?  1.53 x 10%3  1.52 x 10%3 (.82 x 1012
Enrichment, % U?37° 2.30 1.95 0.71 0.71 2.45 2.45 2.30 2.30
Feat rate, Btu/hr-ft
Desgign 30 000 3C 0CQ 30 000 30 Q00 9 600 9 600 9 600 30 000
Revised estimate 24 000 2z 200 1% 100 18 =00 8 400 6 600 6 100 14 900
Specific power, watts/g of
U0,
Design 13.9 20.5 20.3 20.3 20.0 20.0 20.0 13.9
Revised egtimate 1.1 i5.2 12.9 12.5 7.4 13.7 12.7 6.9
Cladding temperature, °F 1600 1112 ii12 1112 1132 1112 1112 1600
Cladding pressure, psig 300 150, 1 monta 150, 2 months 15C, 1 month 300 300 300 300
225, 1 month 225, 2 months 225, 1 month
300, balance 300, palance 300, balance
Shutter thermal c¢ycles None 20 at end of 20 at end of 20 at end of 1 per day 1 per day 1 per day None
each month each month each month
Thermai barrler gas gap,
in.
Hot 0.012 0.006 0.0086 0.006 0.023 0.023 0.023 0.012
Cold 0.0195 0.011 0.011 0.011 0.028 0.028 0.028 0.0195
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Fig. 5.1. Component Parts of 0.39-in.-o.d. Beryllium~Clad Capsule in Mockup Assembliy.



installation design, but, rather, they reflect assembly problems with

unfamiliar and brittle materials.,

Miniature Capsule Fission-Gas-Release Lxperiments
P p

Irradiations of capsules L-23ab, L-24ab, and L-27ab have been
completed, and the capsules have been removed from the reactor core.
The irradiation conditions for these and other capsules which remain in

the reactor core are presented in Table 5.3,

Table 5.3. Operating Data for Minlature Capsule Fission-Gas-~
Release Experiments

UO, pellet density: 95% of theoretical

Central UO,

Experimental U0, Temperature (°F) Date Date
Enrichment )
Assembly No. (% U235) Installed Removed
7 Capsule =& Capsule b
L-22ab 10 1380 1600 11-10-59  Irradiation
continuing
IL-23ab 15 2800 2800 12-8=59 6~-28-60
IL~24ab 20 2600 3100 12-16-59  8-23-60
L-27ab 15 2000 2600 3-15-60 8-23-60
1-28ab 30 2200 3800 4 5-60 Trradiation
continuing
I~-32ab 30 a 3300 6=1-60 Trradiation
continuing

a . .
Thermocouple inoperative.

The offgas system for the irradiation facility being used in the
LITR for these experiments has been modified to include carbon traps in
addition to absoclute filters for efficient cleanup in the event of
cladding failures. The modified system is capable of containing coolant
air at the full supply pressure of 96 psig in the event of a line plug

or inadvertant closure of offgas line valves.



Advanced Fuel Element Testling

A second fueled-graphite assembly, designated ORNL~-MIR-48-2, is being
irradiated in the MIR, and the activity of the sweep gas 1s Dbeing moni-
tored, as described previously.4 The increase in the activity of the
sweep gas during the first three reactor cycles 1s shown in Fig. 5.2.

The three sets of data presented in Fig. 5.2 may not be compared directly
because there has been a gradual increase 1n the purge gas flow rate to

60% above the deslgn value. The flow control device has been thrown off

4"GCR Quar. Prog. Rep. June 30, 1960," ORNL-2964, p. 154.
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calibration by a slowly developing flow restriction in the experimental
assembly that has caused an increase in the purge-gas pressure. Only
Kr85m, Kr88, and Xel3% have been detected so far in gas samples analyzed

with the MIR gamma-ray spectrometer.

Fxamination of Irradiated Capsules

LITR~Irradiated Miniature Capsules

Additional postirradiation examinations cof miniature-capsule experi-
mental assemblies have been completed, and an interim report’ has been
igssued summarizing all the fission~gas-release data obtained from irradi-
ation experiments in the LITR and the ORR. The densities of the UOp
pellets used in the capsules examined recently are given in Table 5.4
before and after irradiation. A small increase in Immersion density
after irradiation is indicated.

The effect of irradiation on UO, grain size is shown in Fig. 5.3,
in which the microstructures of an unirradiated specimen, a specimen
irradiated at 1900°F (capsule I-16a), and a specimen irradilated at 2700°F

are shown. The variation in grain size is due to the temperature gradient.

5J. G. Morgan, M. T. Morgan, and M. F. Osborne, "Fission-Gas-Release
from UO, Interim Report Number 1," ORNL CF-&0~7-11 (July 29, 1960).

Table 5.4, Data Showing Effect of Irradiation on UO, Density

Pellet Density Before

Burnu Effective U0y Irrediation Pellet Tumersion

Capsule from.Cgéo Central Density After

No. (de/MT) Temperature Bulk Density Bulk Tmomersion Trradiation
(°r) (% of Density  Density (g/cm?)

theoretical) (g/em®)  (g/em?)

I-16a 2900 1200 94.35 10.35 10.48 10.66
L-16b 2900 2050 94.38 10.35 10.47 10.58
L-16xa 3200 2700 93.98 10.31 10.46 10.59
1-16xb 3200 3000 94,35 10.35 10.48 10.62
I~-17xa 3100 2800 94.62 10.38 10.48 10.57
1~17xb 3100 3100 94 .83 10.40 10.45 10.54
L-18xa 8400 2200 84,69 9.29 10,39 10.62
L-18xb 8400 2500 84.58 9.28 10.37 10.52
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Columnar growth and graln recrientation are also indicated. These effects
have been observed only in capsules Irradiated at central temperatures
of 2700°F or higher.

Experimental assemblies L-23, I-24, and L-25 were removed from the
reactor during the quarter. Fission-~gas release from capsules I-25a and
b (Table 5.5) was comparable with the gas release from capsules irradi-

135 release

ated previously under similar conditions, except that the Xe
was unaccountably high.

Four LITR-irradiated assemblies (L-7x, L-11, T-23, and L-25) and
five ORR~irradiated group I capsules (0-1, 0-2, 0-3, 0-5, and 0-6) are
being examined. Results of fission-gas analyses, gamma-ray scans, and

dimensional measurements of the ORR capsules were reported previously.6'7

6"CCR Quar. Prog. Rep. Mareh 31, 1960," ORNL-2929, pp. 157-9.
7"GCR Quar. Prog. Rep. Juae 30, 1960," ORNL-2964, p. 157.

Table 5.5. Fission~Gas Release from LITR~
Irradiated Capsules I-25a and D

Capsule Capsule
1-25a L-25b
U0, density, % of
theoretical 95.17 94..90
Maximum central UO,
temperature, °F 2150 2500
Burnup, Mwd/MT 5100 5100
Fission-gas evolution,
% of gas formed
Kr? 0.15 0.15
131 trace 0.09
Xel33 0.039 0.22
Xel3> 0.019 2.0
Oxygen~to~uranium ratio 2.02 2.02
Carbon content, ppm 2.00 2.00
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ORR~Irradiated Prototype Capsules

The eight group II ORR-irradiated assemblies have been dismantled
in the ORR south hot cell. The fuel capsules and flux monitors were
recovered, and the NaK, thermocouples, and facility tubes were discarded.
The outside diameters of several NeK contsiners were measured and are
compared with preirradiation diameters in Table 5.6. The data indicate
that the 15~psi pressure differential between the NaK gas blanket and
the control gas (300 psi vs 285 psi) was sufficient to cause increases
in the average diameters that ranged from 0 to 0.008 in. The eight
capsules may be seen in Fig. 5.4 as they appeared after they were removed

from the NaK containers and cleaned.

Table 5.6. Average Diameters of ORR Group II NaK Containers

Diameter of Container™ (in.)

Measured 1 in. Below Measured 4 in. Below Measured 6 1n. Below
Experimental Top of Capsule Top of Capsule Top of Capsule
Assembly :
No. Before After Before After Before After
Irradiation Irradiation Irradiation Irradiation Irradiation Irradistion
01-2 0.9800 0.9308 0.9796 0.9802 0.9794 0.9802
05-2 0.9788 0.9809 0.9788 0.9813 0.9787 0.9787
06~2 0.9795 0.9804 0.9799 0.9833 0.9793 0.2807
08~2 0.9792 0.9801 0.9792 0.9874 0.9787 0.9806

aﬁwerage of three measurements taken 60 deg apart.

Measurement of Fission-Gas Pressure in Prototype Capsule at EGCR
Operating Temperature

The possible pressure builldup in EGCR fuel elements from alkali-
metal fission products that have low boiling points suggested the measure-
ment of the pressure buildup in prototype capsules at EGCR operating
temperatures. Rosenthal and Cantor® have shown that the yield of the
alkali metals is high (about 62% of that of the noble gases) and have

M. W. Rosenthal and S. Cantor, "Some Remarks on the Contribution of
Fission Product Cesium to the Pressure Bulldup in UO, Fuel Elements,"
ORNL CF-60-3-81 (March 18, 1960).
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cited evidence that cesium, the primary alkali-metal product, is mobile

in hot UO,. The vapor pressures of metallic cesium and rubidium are less
than 1 atm at temperatures below 1250°F, and since the vapor pressure will
be controlled by the lowest temperature in the fuel element, which is
expected to be below 1250°F, they conclude® that the pressure contribution
from this source will not be significant. A measurement of the pressure
buildup in an EGCR prototype fuel capsule (0-6) has supported this
conclusion.

The pressure in capsule 0-6 was measured at temperatures up to 1700°F,
and no significant contribution from high~temperature vaporizetion wasg
noted. The capsule was heated to 1650°F, cooled, and reheated to 1700°F.
A plot of the pressure data versus temperature shows (Fig. 5.5) a devia-
tion from a straight line of about 4 psi at 1650°F (sbout 3.5% of the
total pressure). Since the cooling curve and the second heating curve
follow a straight line, it may be assumed that the slight pressure in-
crease during the first heatup was due to additlonal noble gases being

released.

UNCLASSIFIED
ORNL-LR-DWG 52162
130

2
A’“"
120} 1 — /;74
L)
® FIRST HEATING l/‘:’
S | = FIRST COOLING A
A SECOND HEATING | =%
H ®
= Ly
Z100 - 'Wml.. .
w e
5 Yo
g 90 o I//. T M
0 //'
x SECOND HEATING
w 80 NS e
[ /.
2 7
2 70 AL R SO A —
faa) ’,
- ;z/
/" ~FIRST HEATING
80 /1J
c/
v
®
50 )’(// e [P U R [ )
Pz
40 ‘;1 ,,,,,,,,,,, - 1 VU S
»
30 1 SO SR |
300 400 500 600 700 8OO 900 1060 11 1200

TEMPERATURE (°K)

Fig. 5.5. Pressure Buildup iIn Capsule 0-6 at High Temperatures.

119



OFR Closed-Cycle~Loop Experiments

Irradiation of two UO, samples encased in siliconized silicon carbide~-
coated graphite9 in the ORR-B9 closed-cycle loop was terminated after
790 hr at 1800°F. During the last 46 hr of the irradiation the flux was
1.0 x 1014 neutron/cm2'sec because the ORR power level was increased to
30 Mw. Postirradiation examination of these specimens has not yet begun.

In order to determine whether the fission-product activity in the
coolant gas was from the samples being tested or was from contamination
remgining in the in-pile tubes from a previous experiment, gas samples
were taken with the test samples withdrawn from the reactor flux zone.
The gas samples taken while the experimental assembly was withdrawn
yielded a count rate for the detectable isotopes that was approximately
the same ag that of the gas collected during full flux irradiation. It
is therefore concluded that the fission-product leakage, if any, from
the graphite-clad UO, szmples was small compared with the residual back-
ground activity.

The next samples scheduled for irradiation are UO, cylinders encased
in uncoated low-permeability graphite. These samples were assembled and
sealed by the National Carbon Company. The Si-3iC seal at the top of
the graphite 1id is shown in Fig. 5.6. The two samples have been en~
capsulated in Tnconel, with thermocouples inserted between and beneath
the samples, The Inconel capsule was weld sealed in & dry box purged

with helium.

Instantaneous Fisslon-Gas-Release Experiment

An increase by two orders of magnitude over the initial fission-gas-
release rate of the thin-plate high-density UQC, sample being used for
studies of instantanecus fission-gas release led to the conclusion that

the UO, had been oxidized by trace quantities of oxygen in the sweep gas.

"GCR Quar. Prog. Rep. June 30, 1960," ORNL-2964, pp. 1667,
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Fig. 5.6, X-ray Photograph of U0, Cylinders in Low-Permeability
Graphite Sezled with Siliconized Silicon Carbide.

This conclusion wag strengthened by the observation of stored energy in
the UO,, since stored energy has been observed only in UO, with an oxygen-
to-uranium ratio of 2.08 or greater.®

In order to assure an oxygen-free sweep gas, a new system was
installed for using argon or helium containing 3% hydrogeu. Oiygen in
the sweep gas 1s removed by catalyzing the reaction between hydrogen and
oxygen. The gas stream is then dried and passed through a column of
high temperature (1400°F) copper turnings. The excess hydrogen in the

gweep gas reduces the fuel to U0, rather than allowing oxildation.

10"GeR Quar. Prog. Rep. June 30, 1960," ORNL-2964, pp. 167—74.
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The effectiveness of the reducing atmosphere was demonstrated by
operating for one week with the new sweep~-gas system. The fission-gas-
release rate wag reduced by a factor of 3, demonstrating that excess
oxygen was responsible for the earlier increased fisslon-gas-release
rate. When the hydrogen-helium mixture first contacted the UO, there
was a burst of fission gas that gradually subsided over & period of about
8 hr. There was no temperature change at the time of this burst, and
this was the only burst observed which was not caused by a variation of
temperature, Gamma energy spectra showed that the relative composition
of the fission gas did not change as the activity level decreased with
time.

During the time the fuel was in the reducing atmosphere it became
obvious, from temperature relations, that the thin-plate sample had
broken and perhaps crumbled. The fuel capsule has been removed from the
reactor and will be examined in the hot cell., An oxygen~-to-uranium ratio
measurement will be attempted.

The fuel for the next experiment is now being prepared. It will
also be in the form of thin plates of high-density UO,, and, in addition
to the fission-gas-release studies, thermal and electrical conductivity

measurements will ve made during irradiation.
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6. OUT-OF-PILE TESTING OF MATERIALS AND COMPONENTS

Compatibility Tests of Graphite, Structural
Materials, and Helium

Low-pressure thermal-convection locp No. 12, which contained AGOT
graphite and specimens of structural materials in a helium enviromment,
and which operated with a hot-leg temperature of 1100°F, was terminated
after 1000 hr. This loop was the third in a series® in which the Impurity
content in the helium was maintained in the range tentatively speclfied
for the EGCR. As shown in Table 6.1 the CO content of the helium in loop
No. 12 was controlled a2t a value of 0.18 vol % by injection of a measured
amount of pure carbon monoxide. The hellum used was essentially free
of 8211 other impurities, except for 0.15 vol % C0O,, which was present by

virtue of the CO-graphite equilibrium.

Table 6.1. Maximum Tmpurity Concentration of
Helium Enviromment in Low-Pressure Thermal-
Convection Loop No. 12 Compared with
EGCR Hellum Specification

Jmpurity Concentration in Helilum

Impurity (vol %)
In Toop No. 12 EGCR Specification

COsz 0.15 0.2

Co 0.18

o 0.0005

CH,, 0.00605

H,0 0.002 0.1

Hs 0.003 0.1

The extent of oxidatlon of the steel specimens exposed in this loop

is indicated in Table 6.2. As may be seen, the welght gains of the

1"GCR Quar. Prog. Rep. June 30, 1960," ORNL-2964, pp. 186~8.
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Table 6.2. Oxidation of Low-Alloy Steels Exposed to Helium
and to Alr for 1000 hr at 1100°F

Weight Welght Weight of Metal
Environment Specimen Description Gain of Film That Reacted

(mg/cw?)  (mg/cn?) (mg/cm?)

Helium T-1 steel 2.0 7.3 5.3
(loop 12)  2.25% Cr, 1% Mo steel 1.5 5.5 4.0
3% Cr, 1% Mo steel 1.3 4.9 3.5
5% Cr, 0.5% Mo steel 1.6 5.7 4.1
Aira’b Carbon steel 27 a8 71
2.25% Cr, 1% Mo steel 15 54, 39
5% Cr, 0.5% Mo steel 5.0 18 13

“5. H. Uhlig, "The Corrosion Handbook," pp. 644—7, Wiley and Sons,
Tnc., New York, 1948.

b”Steels for Elevated Temperature Service," pp. 21-25, United States
Steel Company, 1949,

chromium~containing steel specimens were only slightly less than the
welght galn of the T-1 steel specimen; however, the oxide films appeared
to be considerably more adherent on the chromium~containing materials.
The representative, published oxidation data that are included in Table
6.2 for plain carbon and chromium steels tested 1o air at 1100°F show
trends similar to those observed for comparable specimens tested in loop
No. 12. The addition of 2.25% chromium reduced the weight gains of steel
specimens exposed to helium by a factor of 1.3 to 1.6 and of those
exposed to air by a factor of approximately 1.8. Increasing the chromium
addition to 5% (comparable to AISI 502 steel) effected a further decrease
in the oxidation rate in air, the rate being five times lower than for
plala carbon steels. 1In helium, however, the oxidation of specimens
containing 5% chromium was comparable to that of the specimens containing
2.25 to 3% chromium.

The fourth in the series of controlled~-impurity tests (No. 13) was
terminated after 740 hr of loop operation with a heated specimen tempera-
ture of 1500°F and a graphite temperature of 1100°F. The test atmosphere

during the run was impure helium contalning 400 to €00 ppm of both CO
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and CO,. Disassembly of the facility in preparation for test No. 14 is

in progress.

Evolution of Gases from Graphite

Experimental studies of the degassing behavior of selected grades

of graphite have been continued with the use of the techniques described
previously.2 Several graphite specimens prepared from needle coke by
the National Carbon Co., the Great ILakes Carbon Corp., and the Speer
Carbon Co. have been degassed at various temperatures. Studies have
alsc been made of graphite specimens obtained from the Speer Carbon Co,
in an attempt to ascertaln the effect on the gas content of the graphite
of manufacturing variables such as type of purification and the atmosphere
used during the final cooling. Rate data have been collected for various

aphite specimens at 600 and 1000°C, in addition to the data on volume
and compositlion of gas evolved at the different temperatures of interest.

Th

D

following graphite specimens were studies during this quarter:

1. NCN ~ a 16 X 16~In. extrusion prepared by the National Carbon
Co. from needle coke,

2. BSpeer TP — a Speer Carbon Co. 6 X 6-in. extrusion that was
prepared from needle coke having a maximum particle size of 0.0328 in.
A thermal purificatilon process was applied to this graphite.

3. Speer GP — a specimen identical with Speer TP except that a
gas purification process was used instead of the thermal purification
PIrocess.

4, Speer NC = a 4 1/4 X 4 1/4-in. extrusion of Moderator 2 grade
graphite prepared by the Speer Carbon Co. from Texas coke having a
maximm particle size of 0.0328 in. A gas purification process was used,
along with final cooling in a nitrogen atmosphere. (This graphite is
comparable with that designated Moderator 2 except for the atmosphere

present during the final cooling.)

2"GCR Semiann. Prog. Rep. June 30, 1959," ORNL-2767, p. 190.
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5. Speer AC —~ a specimen identical with Speer NC except that an
argon atmosphere was used during final cooling instead of nitrogen.

6. AGOT-1S — a 4 X 5~in, extrusion prepared by the National Carbon
Co. from Continental needle coke using a graphitization temperature of
2800°C. This and the following graphite are samples of NPR reflector
graphite supplied by Hanford. They are comparable to the graphite to be
supplied for the EGCR except for the extrusion size and the particle
size of the coke mix.

7. GIC — a 4 X 5-in. extrusion that was prepared by the Great ILakes
Carbon Corp. to the same specifications as those used for AGOT-1.S; however,
D or J cckes were used.

The data obtained by degassing the various graphite specimens at a
maximum temperature of 1000°C (external resistance heating) are reported
in Table 6.3. The temperatures recorded are the temperatures of gas
collection, and the corresponding gas volume represents the volume of gas
evolved between that temperature and the next lower temperature. It
should be noted, however, that a large fraction of the gas 1s collected
at the recorded temperature. (The volume corresponding to 300°C is the
volume collected between room temperature and 300°C.,)

A comparison of the data given in Table 6.3 for the different speci-
mens prepared from needle cokes reveals some striking differences. The
total volumes of gas evolved by National Carbon NCN and AGOT-1S specimens
are not only larger than those reported for Speer TP, Speer GP, and
Great lakes GIC, but the ratio of H; to CO and CO, in the gas evolved by
the National Carbon graphite is smaller than for the other specimens.

The release of gas as a function of temperature also shows some differences
for the various needle coke specimens., In general, the Speer TP, Speer

GP, and GIC specimens evolved only small amounts of gas between room
temperature and 600°C; at least two-thirds of the total volume was evolved
in the 600 to 1000°C range. The NCN and AGOT-LS graphites evolved at

least half of the total volume between room temperature and 600°C. These

observations are in general agreement with the results given previously>
£ & g

3"GCR Quar. Prog. Rep. June 30, 1960," ORNL~2964, pp. 1934,
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Table 6.3. Volume and Composition of Gas Evolved by 1 1/2-in.-dism and 2-in.~Long

Graphite Specimenz at 300, 600, and 1000°C

Gas Volume Gas Constituents

. Temperas= N 3 /q;
Graph:s.te ture Time ( CmB/lEO Hg Hydroc srbons HQ 0 COQ Nz co
Sample (oc) (ar) cm” of Cther

grephlte; ooy % em’ vol % cm® vol % o’ vol % er® vol % cm® vol % cm

National Carbon 30¢ iy 0.6 13 0.1 9 0.1 56 0.3 7 12 0.1 2
NCN C~1 600 22 14.8 17 2.5 10 1.5 [ ¢.9 55 8.2 1 0.1 11 1.7
1000 21 11.7 56 6.6 1 0.1 0.2 0.2 2 0.2 41 4.8
Total 27.1 2.2 1.7 1.2 8.2 0.4 6.5

NCN O—1 300 15 0.6 15 0.1 12 0.1 55 0.3 6 9 0.1 3
600 23 144 20 2.9 13 1.8 3 1.2 46 6.6 1 0.1 iz 1.8
100C 2L 11.0 55 6.0 1 0.1 0.5 0.1 0.3 2 0.2 42 4.6
Total 26.C 9.0 2.C 1.6 6.6 0.4 6.4

HCN 0= 300 1 C.5 15 Q.1 183 C.1 42 0.2 10 12 0.1 3
600 22 14.6 23 3.4 9 1.3 12 1.8 42 6.1 2 0.3 12 1.8
1000 21 14.9 55 8.2 1 0.1 0.4 0.1 0.1 5 0.7 38 5.7
Total 30.0 1.7 1.5 2.1 6.1 .l 7.5

Speer 300 6 0.6 8 0.1 11 0.1 Kl 0.2 4 32 0.2 [
TP 2 6C0 22 2.6 16 0.4 32 0.8 24 0.6 7 c.2 7 0.2 14 c.3
1000 23 6.5 75 4.5 2 C.1 G.2 0.1 1 0.1 21 1.5
Total 9.7 5.4 1.0 0.8 0.2 0.5 1.8

TP 4 300 4 0.5 A 11 0.1 52 0.3 8 21 0.1 3
500 i8 2.7 2% 0.7 40 1.1 12 0.3 5 G.1 & 0.1 2 0.3
1000 13 6.3 &7 4.2 4 0.3 1 0.1 1 C.1 2 0.1 25 1.8
Total 9.5 4.3 1.5 c.7 c.2 0.2 1.9

Speer 300 19 0.6 8 0.1 33 0.2 37 0.2 7 11 0.1 4
GP 1 600 23 2.4 19 0.4 2L 0.5 12 0.3 13 0.3 4 0.1 31 c.8
1000 20 5.1 74 3.8 1 0.1 0.3 0.2 1 0.1 23 1.2
Total 8.1 4.3 0.8 0.5 0.3 0.3 2.0

LCT
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Table 6.3 {continued)

Gas Constituents
Gas Volume i

~ el Tempera- . 3
Graphite ture oS (cmB/lOO Ho Hydrocarbons H,0 COa N, co
Sample (°c) (hr) cm® of other
graphite) vol % cm’ vol 4 cem® vol % cm® vol % em® vol % cn® vol % e’
Speer 300 18 0.4 22 0.1 26 0.1 30 0.1 3 12 0.%L 7
GP 2 600 19 1.6 29 0.5 24 0.4 20 C.3 5 0.1 10 0.2 11 0.2
1000 20 4.0 79 3.2 2 0.1 2 0.1 0.1 1 16 0.6
Total 6.0 3.8 0.6 0.5 0.1 0.3 0.8
Speer 300 20 0.5 19 0.1 29 0.1 20 0.1 7 12 0.1 12 0.1
ne 1 600 22 1.9 15 0.3 25 0.5 9 0.2 16 0.3 2 33 0.7
1000 22 3.8 69 2.6 1 2 0.1 0.5 1 27 1.0
Total 5.2 3.0 0.6 0.4 0.3 0.1 1.8
NC 2 300 12 0.5 10 0.1 26 0.1 35 0.2 6 i6 0.1 7
600 8 1.9 13 0.2 24 0.5 17 0.3 13 0.2 5 0.1 28 0.5
1000 15 3.7 vz 2.8 1 0.2 0.5 1 23 0.9
Total 6.1 3.1 0.6 0.5 0.2 0.2 1.4
Speer 300 17 0.6 8 10 0.1 38 0.2 3.7 36 0.2 4
AC 1 600 20 1.3 22 0.3 38 0.5 15 0.2 3.4 10 0.1 12 0.2
1000 22 3.4 83 2.8 3 C.1 0.6 0.1 1 12 0.4 0.3% Ar
Total 5.3 3.1 0.7 0.5
AC 2 300 12 0.4 5 7 31 0.1 4.3 A 0.2 4 1.3% Ar
0.7% 50,
60C 9 1.5 4% 0.4 36% 0.5 15% 0.2 3% 6% 0.1 g 0.1
100G 18 4.3 83 3.6 4 0.2 0.2 0.3 1 1i 0.5 0.2% Ar
Total 6.2 4,0 0.7 0.3 0.3 0.6

*Mags spectrometer sample lost; value from gas chromatograph.
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Table 6.3 {continued)

Gas Volume

Gas Constituents

s Tempera= " 3
Graphite ture  LIU% (em/100 H, Hydrocarbons  Hy0 €0, N, o
Sample (°C‘) {hr) en” of Other
graphite) vol % cm? vol % cm® vol % cm® vol % em® vol % em® vol % cm’
National Carbon 300 17 0.7 7 G.1 20 C.1 54 0.4 4 10 0.1 3
AGOT-LS=1 600 20 11.2 15 1.7 10 1.1 20 2.2 42 4.6 3 0.3 10 1.1
1000 27 11.0 57 6.3 1 0.1 0.4 0.5 0.1 1 0.1 40 A
Total 22.9 8.1 1.3 2.6 4.7 0.5 5.5
AGOT-1.5-2 300 11 0.6 g 0.1 16 0.1 55 0.3 6 10 0.1 4
600 23 9.4 8 0.7 14 1.3 20 1.9 47 [ 3 c.3 9 G.8
1000 21 11.0 55 6.1 1 C.1 C.4 2 0.2 1 0.1 40 3%
Total 21.0 6.9 1.5 2.2 4.6 0.5 5.2
Great Lakes 300 10 0.4 8 11 60 0.2 3.6 10 4 4% 80,
GLC 3A 600 21 1.5 R 0.2 25 0.4 33 0.5 9 0.1 (&) 0.1 13 0.2 2% 80,
1000 22 8.6 54 4.7 2 0.2 1 0.1 5 C.4 1 0.1 35 3.C 0.8% 80,
Total 10.5 4.9 0.6 0.8 0.5 0.2 3.2
GLC 2A 300 11 C.4 7 13 0.1 52 0.2 5.3 13 0.1 g 5% 50,
600 1z 1.5 12 Q.2 25 C.4 31 0.5 g 0.1 3 19 0.3 0.4% S50,
1000 10 8.6 53 4.6 5 0.4 3 0.3 4.2 0.4 1 0.1 33 2.9 1% S0,
Total 10.5 4.8 0.9 1.0 0.5 0.2 3.2




for other needle coke specimens prepared by these three graphite pro-
ducers.

The results reported for Speer TP and GP show that the thermally
purified graphite (Speer TP) released only slightly more gas when heated
to 1000°C than did the gas-purified material (Speer GP). Similerly, no
marked difference was found between the volume of gas evolved by the
nitrogen-cooled graphite (Speer NC) and the argon-cooled graphite (Speer
AC), The gas released by the latter contalned very little CO, or CO at
any temperature up to 1000°C. The results are to be compared with those
of a previous test® of Speer Moderator 2 graphite, which was manufactured
under conditions identical with those used for Speer NC and AC, except
for the atmosphere during final cooling, and which evolved ~i0 cm’® of

gas per 100 em?

of graphite when degassed to 1000°C.

Rate data obtained for various specimens are given in Figs. 6.1
through 6.5. Data reported for 600°C were collected from samples previ-
ously degassed at 300°C, and, similarly, the 1000°C data came from samples
previously degassed at 600°C. If appreciable volumes of gas are released,
1ittle reliance should be placed on the volumes measured during at least

the first hour, because gas 1s evolved while the specimen is coming up

to temperature and rapid gas evolution may result in a buildup of pressure
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= ] I ‘ to remove the gas as rapidly as
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& o0
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®
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predominantly of water vapor and various hydrocarbons.

These components

appear only at low concentrations in the gas collected at 600 and 1000°C,

The rate data given in Figs. 6.2,

UNCLASSIFIED

6.3, and 6.4 show that at 1000°C

a plot of the volume of gas evolved

ORNL-LR-DWG 52409

T

against the log of time gives a

o NCN 0-1 .
= 500°C | . - .
- . ////;;;:;E% straight line for all the speci-
< >
@ e
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The NCN graphite also gives a 600°C curve that lies well above the 1000°C
lines the AGOT-LS 600°C curve lies above the 1000°C line for 20 hr and
then appears to cross 1t. This general behavior Is in agreement with

that reported earlier’

for AGOT-VCB graphite, also prepared by National
Carbon Co. from needle coke. It is belleved that the large volume of
gas released at 600°C containing a large fraction of CO, 1s responsible
for the curvature at 600°C. No satlisfactory explanation can be offered,
however, for the release of this large volume of gas at about 600°C by
these particular specimens. The differences In the degassing behavior
of AGOT-IS and GIC graphite are shown in Fig, 6.3. These two types of
graphlte were presumably prepared to similar specifications by two
producers using different needle cokes, Data obtained for other needle
coke specimens, GL-11 or HPDA (previously described®) and Speer GP, are
given in Fig. 6.4. The plots of these data, as well as those for Speer
NC and AC in Fig. 6.5, are similar to the plots for GLC graphite,

Data obtained by degassing the various types of graphite at 1800°C
by induction heating are gilven in Table 6.4, Where data are given only
for 1800°C, the specimen was heated to 1700°C for aspproximately 30 min
while the gas was held in contact with it; the temperature was then
lowered, the gas pumped off, and the temperature raised to 1800°C.
Pumping was continued and the specimen wags held at 1800°C until gas
evolution was essentially complete. In all other runs, the specimen was
heated to 1000°C without pumping, held at 1000°C for 1 hr, and cooled.
The gas was then pumped out and the temperabure was returned to 1000°C
while pumping. The specimen was then held at 1000°C until the gas
collection was complete. The gas collected at 1400°C includes the gas
pumped off while raising the temperature from 1000 to 1400°C, plus that
removed during a holding period at 1400°C. Similerly, the 1800°C fraction
was collected while raising the temperature to 1800°C, as well as while
heating at 1800°C.

The data given in Tables 6.4 and 6.5 show that NCN graphite evolved
a consilderably larger volume of gas than any of the other needle coke

specimens (Speer TP, Speer GP, and GIC) listed here or described
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Table 6.4. Volume and Composition of Gas Evolved by L 1/4-in.-diam and l-in. Long
Graphite Specimens at 1000, 1400, and 1800°C

Gas Constituents
Gas Volume ~ -

. Temperas~ 7.3
Graphite Time {em / 100 " N .
Sample ‘E\o.zé't)e (hr) om? of H, Hydrocarbons "0 Co, N2 Ar
el Y, 0{\
grapnite) vol % ecm’ vol % em® vol % cm® vol % cm® voi % e’ ol %)
National Carbon 1000 7 62.0 64 39.4 1 0.5 0.2 0.1 0.1 0.1 1 0.5 1.4

NCN C-3 1400 12 26.1 60 15.7 1 0.3 0.2 0.1 0.1 7 1.9 8.1
1800 12 16.2 73 11.9 1 0.1 0.1 5 0.8 3.4
Total 104.3 67.0 C.9 0.2 C.x 3.2 .9

NCN 0-3 18GCC 6 96 75 72 0.4 0.4 0.2 0.2 0.3 0.3 3 3

NCN C—4 1800 7 98 66 65 0.4 0.4 0. ¢.1. 0.1 0.1 1 1

Speer 1000 5 25.0 70 17.5 3 0.7 1 0.2 2 0.5 2 0.5 5.8

TP 1B 1400 1L 22.7 65 14.8 1 0.2 1 0.2 0.2 2 0.4 7.1
18C0 1i 20.6 59 12.1 1 0.1 0.1 2 0.4 7.7
Total 68.3 bbb 1.0 0.5 0.5 1.3 .6

TP 1A 1800 23 61 59 36 0.6 0.4 0.4 0.2 2 1 3

Gp 3C 1000 6 18.8 78 14.6 1 0.2 1 0.2 1 0.2 0.3 0.1 3.4
1400 11 14.3 65 9.3 0.5 0.1 0.6 0.1 0.7 0.1 2 0.3 4.5
1800 15 15.3 47 7.2 0.4 0.1 c.1 0.2 3 0.4 7.5
Total 48.4 31.% 0.4 0.3 0.8 15.4

GP 38 1800 10 56 75 42 0.5 0.3 0.2 0. 0.1 0.2 0.8 0.5
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Table 6.4 (continued)

~ Gas Constituents
Gas Volume

. Tempera= . 3
Graphite Pl Time  (em?/100 e ] ~
Semple L;\:Lé‘t)? (Ter) en? of Hy Hydrocarbons H,0 CO, No cc Ar
. e v 4
graphite) vol % cm’ vol % em® vol % cm® vol % cm® volL % em® vol % cm’ (vol 7)
Speer 1000 5 15,7 56 8.7 1 0.1 1 0.1 1.8 0.3 3 0.4 38 6.0

ne 4 1400 5 6.7 66 4.5 0.2 2 C.1 0.1 10 0.7 22 1.4
1800 3 1.9 62 1.2 0.1 0.1 20 0.4 i5 0.3
Total 24.3 14.4 0.3 1.5 7.7

NC 5 1000 8 14.9 77 11.4 1 . 1 0.1 0.5 1 0.1 20 2.9
1400 6 6.6 73 4.8 0.3 1 0.1 0.1 14 0.9 10 0.7
1800 2 1.5 60 0.9 5.2 0.1 23 0.3 14 GC.2
Total 22.8 17.1 0.1 0.2 0.1 1.3 3.8

NC 6 1800 6 25.2 7 18.8 0.4 0.1 .7 0.2 0.2 0.1 5 1.2 19 4.8
1000 8 12.6 93 11.7 1 0.1 .2 0.1 0.5 0.1 6 C.7 6.2
1400 6 5.4 78 4.2 0.5 1 0.1 0.1 5 0.3 10 0.5 6
1800 4 1.8 50 0.9 0.3 0.1 7 0.1 27 0.5 16
Total 19.8 16.8 0.1 0.5 1.7

AC 3 1800 5 21.4 o3 19.6 G.5 0.1 0.1 C.5 0.1 3 0.6 3

Great Lakes 1000 7 9.5 63 6.1 1 1 0.1 1.4 0.1 1 C.1 32 3.0

GIC 2C 1400 7 2.9 55 5.5 1 0. 0.3 c.x 4 0.4 40 3.9
1800 3 1.2 55 0.6 1 47 0.6 1
Total 20.6 12.2 0.2 0.1 0.1 1.1 6.9

GILC 2B 1700 9 20.9 83 17.3 0.7 0.1 0.1 0.2 3 0.6 13 2.7




Tadle 6.5. Comparison of EGCR Fuel Assembly Sleeves
Fabricated from Various Grades of Graphite

Grade Permeabllity
Sleeve - N
Vendor o of at 2 atm
’ Graphite (millidsrcys)
Great lakes Corporation 148 R-1HIM 9.2
135 R-1HIM 10.0
113 R-1HLM 14,1
Speer Carbon Company 60 Nuclear 12.3
National Carbon Company A AGOT 45.8
R AGOT 270.0
19 AGOT 297.0

previously.3 The values for GIC are preliminary, but they indicate a
low gas content. Very rough estimates of the gas content of AGOT-LS
suggest a potential gas volume 2 to 3 times that of GIC. A comparison
of the data for Speer TP and Speer GP, which differ only in the puri-
fication process applied, show the gas content of the gas-purified
graphite (Speer GP) to be somewhat lower than that of the thermally
purified graphite (Speer TP), with the main difference being in the CO
released. Similarly, the total gas volumes released by Speer NC (nitrogen
cooled) and Speer AC (argon cooled) are not very different; the latter
evolved very little CO, however. The release of argon by Speer AC above
1400°C suggests that thils gas was trapped by closure of small pores
during cooling and escaped after these pores were reopened at high
temperatures.

The fractions of the total gas released at the different tempera-
tures vary for some of the specimens. For example, Speer NC, Speer AC
and GIC evolved only small amounts of gas above 1400°C, whereas Speex
TP and Speer GP released about one~third of the total gas above 1400°C.
Variations in the fractions released by various specimens at 1000 and
1400°C are also evident from the data. With one exception, the volume
evolved at 1000°C by induction heating was at least twice as great as

that found using external resistance heating. The two volumes reported
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for GIC graphite are comparable, but, as indicated previously, the GIC
data obtained by induction heating are preliminary. If these data are
verified, it will be the first time the volumes evolved at 1000°C by

the two heating methods are at all in agreement,

Transport of Gases Through Graphilte

Permeability Studies

Analyses of possible pressure distributions in the EGCR core have
revegled that the hellum ccolant will tend to flow laterally through
the varicus graphite components, as well as vertically along the intended
flow paths. For a fixed helium exit temperature, the average fuel
element surface temperature will increase as the magnitudes of the
lateral flow components Increase. The amount of lateral flow depends,
in part, on the over-sll permeability of the graphite., This over-all
permeability includes contributions from fuel-element sleeves, sleeve
Joints, sleeve coatings, and the large 16-in. X 16~in. X 20-ft graphite
moderator columns.

A series of room-temperature permeability determinations were made
to obtaln the Darcy constant (a measure of permeability) for typical,
uncoated, EGCR sleeve graphite, with and without Joints. The materials
used in this investigation were representative of the types of graphite
avallable and under consideration for EGCR use. Additional plug speci~
mens were obtalned from two AGOT bars to simulate the moderator columns,
The relationship whlech is applicable to the graphite studied and which
relates the variables measured to a permeability constant, k, is

QaPapL

K = e
A(AP)Pm

where Qa is the volumetriec flow rate of gas (measured at a pressure Pa)
which passes through a graphite specimen of cross sectional area A, and

thickness L under a pressure drop AP of (PX PX~L)3 P 1s the mean

=0
" . 1 ¥ =y i
pressure [0.5 (Px=0 + Px=L)]’ and p is the gas viscosity.
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For the experimental measurements, the test gas (helium) flow path
was arranged so that the gas passed through a regulator, the graphite
sleeve, and a back-pressure valve, where the gas was throttled to
atmospheric pressure, Pa' The throttled gas was then passed through a
wet test meter fto obtain Qa' The pressure drop across the graphite
wag measured directly with a butyl phthalate manometer. The mean pres-
sure, Pm, was obtained by averaging the readings of two Bourdon gages.

The A/L ratio for the sleeve was obtalned from the expression

A 2mh
T~ d_ ’
lna-—;

i

where h is the total length of the cylinder plus any short sections,

and do and 4, are the inner and outer diameters, respectively, of the

i
grapnite sleeve,.

5

A modified Hassler apparatus- was used in the determinations of

the permeability of the graphite plugs. The test resulta for the AGOT

® show that the permeability varies slightly with pressure

plug specimens
as a result of deviations from Darcy's law or "slip-effect.”’ ‘lhis
deviation requires that the pressure be specified when a permeability
value 1s tabulated. All EGCR sleeve materials studied to date have,
however, followed Darcy's law in the viscous flow regilon, with only a
small degree of pressure dependence, Permeability values obtained from
two different AGOT bars indicated relatively good agreement (20 to

50 millidarcy) when the specimens were of similar dimensions and subjected

to similar test procedures. Large differences were encountered, however,

when the specimen shapes and flow patterns were varied. Two cylinders

°G. L. Hassler et al., Trans. Am. Soc. Mech. Engrs. 118, 116 (1936).

6J. Truitt et al., "Transport of Cases Through Ceramic Materials,"
ORNL-2931 (April 29, 1960).

“P. C. Carman, "Flow of Gases Through Porous Media," Academic Press,
New York, 1956.
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gave a value of 6.5 md, which is to be compared with an average value of
45.5 md for five plugs. Bince all the specimens were obtained from
adjacent sites within the same bar, these variations must be attributed
to elther the anisotropic internal structure of the graphiteg or surface
damage induced during specimen fabrication.

Plugs taken from Great lakes sleeve 133 were used to determine a
reference value for subsequent tests of large specimens., Radlally cut
plugs showed an average value of 6.5 md compared with an average value
of 11.6 md for vertically cut plugs. Since the average permeability
value should not vary more than £10%, a definite effect of orientation
on permeability is shown by these data. The direction of the gas flow
and the specimen thickness were similar for the radially cut plugs and
the full-size sleeves. Therefore, the 6.5~md value for the radially cut
plugs should be a representative value for Great Lakes Corporation
materials.

All full-size sleeves were machined so that each sleeve had a male
and a female end., Sleeve 133, from which the short sections and plugs
used for the tests described above were fabricated, was ftherefore used
as a large cylindrical specimen with squared, or flat, ends to check
the effectiveness of the rubber-gasket seal to the brass plates of the
test apparatus. This specimen gave a value of 6.9 md as compared with
6,5 nd for the radial plugs and thus demonstrated that the seals were
effective and that small, properly oriented specimens tend to give average
permeability values for the source material.

The results of tests on the remaining full-length Great lakes
sleeves are given in Table 6.5. If it is assumed that the permeability
of sleeve 133 was not lower than the permeabilities of the remaining
sleeves, the data show that the thin-walled sections at the machined ends
of the remaining sleeves led to slightly higher over-all permeabllity
values. Further, it appears that the Speer Carbon Company and Great Lakes

Corporation materials are comparable. National Carbon Company sleeve A

8p. L. Welker, Nature 176, 1167-8 (1955).
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gave the same value as that obtalned previously with specimens from AGOT-
grade bars. The other AGOT sleeves (R and 19) appeared to be cracked.
Tests were also performed to evaluate the sealing effectiveness of
the Allis-Chalmers joint design. The joint sections of Great Lakes
sleeve 133 were placed on each Great Lakes sleeve, in turn, and a
standard flow test was carried out. The results are presented in Table
6.6. FEach joint had a squared end, which, as shown by tests with sleeve
133, improved the efficiency of the brass plate-to-rubber gasket seal,
particularly on the female end of the long section. The first section
used covered the female end and, in general, the over-all permeability
decreased. Addition of the female short section to the male end of the
main sleeve neither increased nor decreased the over-all permeability.
It is concluded therefore that a graphite-to-graphite Jjoint is as effective
as the brass plate-to-rubber gasket closure. The foregoing tests were
performed with an approximate 1500-1b closure force on the seals. Since

it was felt that a force of this magnitude was much higher than would be

Table 6.6. Evaluation of Graphite~to~Graphite
Joints

Permeability at 2 atm (millidarcy)

Sleeve
No. Joint Joint Joint o
Specimen I Specimen TT Specimen ITT
148 9.2 9.5 2.6
135 10.0 8.3 8.3
113 14.1 11.4 12.9

a
Joints formed by rubber gaskets and hrass
plates at both ends of sleeve,

b
Specimen included one joint formed with short
male-end section from sleeve 133.

c
Specimen included two Joints formed with
short male~ and female-end sections from sleeve 133.
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encountered under actual conditions, a series of tests with various other
closure forces were run. The results of these tests are presented in
Table 6.7. The complete test sectlcn consisted of sleeve 113 and a

short male~end section from sleeve 133, The Allis-Chalmers joint design
appears to be reasonable from the standpoint of closure effectiveness

for these graphite materials; however, as the permeability of the sleeve
material is reduced, the effect of the Jjoint on flow will increase

markedly.

Table 6.7. Effect of Closure Force
on Permeability of Graphlte-to-
Graphite Joint

Closure Force Permeability at 2 atm
(1b) (millidarcy)
200 14.3
400 14.0
650 12.8
900 12.6
1150 12.7
1500 11.4

Low-Temperature Diffusion Experiments

Measurements of the mutual diffusion coefficient, Dy,, of argon and
helium in AGOT graphite have been made at room temperature, 0°C, and

~65°C. All data Tit the equation
3 ¥
Dys = 4,22 X 10 Dy

where sz is the classical "free-space" diffusion coefficlent of helium
and argon in cmz/sec. It is concluded therefore that the diffusion
mechanism is classical and that if mechanisms such as surface diffusion
which might result from an adsorbed (liquid) layer exist their effects

must be less than the experimental error (~8%).
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Supporting theoretical evidence that surface diffusion (flow of
molecules in the adsorbed state) 1s negligible has been found. Based
on thermodynamic principles9 and available adsorption data for argon on
AGOT graphite,lo it was found that, under the experimental conditions
used, the maximum argon flow rate through the graphite as a result of
surface diffusion would be less than 107% em?® (STP)/sec. Since the flow
rates measured in the diffusion experiment were of the order of 0.1 em’

(STP)/sec, it was not expected that surface diffusion could be detected.

Diffusion of Fission Products in Graphite .

An analysis of the data on diffusion of fission products in porous
graphite matrices has indicated that the migration mechanism is a com-
plex, multistep, transfer process. In addition to migration of the
particles by diffusion, chemical reactions with the graphite can immobilize
some of the released fission products. Studies have been made of surface-
migration mechanisms and surface reactions in order to evaluate their
role in fission-product transport through porous reactor-grade graphite
matrices.

In a series of experiments at temperatures between 1400 and 2200°K,
the rates of diffusion of Bal, 5r0, Y,03, and Zr0, in reactor graphite
were studied. As the results summarized in Table 6.8 indicate, the rates
of diffusion and activation energies increase with the melting point of
the oxide above the Tammann temperature of 0.5 TM in the range where
surface migration can take place. The free-energy values for carbide
formation by reaction between graphite and the metal oxide indicate that
this is most likely to take place for yttrium and zirconium or, in
general, for rare earth and hard-metal lons. An additional possibility
under consideration is the formation of loosely held addition compounds

with surface defects in the graphite lattice.

°E. R. Gilliland, R. F. Baddour, and J. L. Russell, AIChE Journal,
March 1958, pp. 90-96.

10M. C. Cannon, W. T. Ward, G. M. Watson, and W. R. Grimes, "Adsorption
of Xenon and Argon on Graphite," ORNL-~2955 (in press).
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Table 6.8. Mass-Transfer and Thermodynamic Properties of
Oxides of Fission-Product Elements

. Free Energy
Fission- Coe?flCI?nt of Energy of for Carbilde Melting
Diffusion . - . . X
Product at 1773°K Activation Formation Reaction Point
Compound (om?/sec) (kcal/mole) at 1773°K (°K)
(kcal/mole)
X 1077
Ba0 3.72 16.4 +49,1 2196
Sro 0.32 119.8 +37.2% 2703
Y505 0.62° c +26.2° 2683
Zr0q 0.024 136.8 ~11.2 2950

aBased on Aﬂf and Asf values derived from a semitheoretical
correlation.

bValue for 1623°K.

cValue not available,

The data presented indicate that, unlike the situation in noble-gas
transfer (see preceding section) surface-diffusion and carbide-formation
reactions might be significant contributing mechanisms in the diffusion
of fission products through porous graphite matrices at reactor operating

temperatures,

Chemical Analyses of Reactor Materials

-
e

Automatic Continuous Analysis of Hellum &

A second process-gas chromatograph has been purchased because of
inereased demand for automatic continuous gas analyses. The new instrument
is a Greenbrier Chroma-matic 312, which is identical in function to the
Chroma-matic 112 described previously.ll Model changes by the manufacturer

include rearrangement of components for convenience, the substitution of

11MGCR Quar. Prog. Rep. Dec. 31, 1959," ORNI-2888, pp. 178-84.
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improved valves, and provision for external adjustment of carrier gas
flow rates.

Because of the extfreme range in the concentrations of contaminants
to be measured in gas-cocled reactor developuent samples (from several
per cent to a few parts per million), additional modifications have been
carried out at the laboratory to permit changes in the sample size and
consequent changes in sengitivity without opening the temperature=-
controlled compartment. An additional modification permits the analysis

)i

of "grab samples" from sources other than the systems on which process
analyses are carried out.

These modifications were made by using a valve designed for
chromatographic applications by the Phillips Petroleum Corporation and
manufactured by the Greenbrier Instrument Company. The Phillips valve
has six ports equally spaced on a l-in. circle. Connections between
adjacent ports can be closed by the application of air pressure to a
flexible (Teflon) diaphram at a point between the ports. These valves
offer the advantages of small size, rapid action, and negligible volume
and dead space.

In the unmodified Phillips valve, the control air is directed to
close connections between alternate pairs of ports simultaneously. Such
a valve i1s shown in the center of Fig. 6.6 installed to provide a means

for analyzing "grab samples."

A bulb containing the pressurized sample
is connected to the system by means of a standard taper joint, and the
sample lines and loop are evacuated and isolated. The sample loop is
then filled by opening the stopcock ou the sample bulb, closing the
stopcock, and bleeding excess pressure to the atmosphere. The control
solenoids are actuated by a signal from the control unit to direct the
flow through the sample valve. Vacuum is applied to the diaphragm at
open connections to reduce pressure drops and permit complete evacuation
of the sample loop.

A second Phillips valve, which 1s shown on Fig, 6.6 and in more
detail on Fig. 6.7, has been modified to permit closing of connections

between ports individually. The control air is directed to inject a
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Chromatograph.
total sample volume of 25 cm?, By appropriate selection of solenoids,
3

sample volumes of 5 and 1 cm” can be Injected. Thus five~fold increases
and decreases in sensitivity over that of the Chroma-matic 112 can be
obtained.

All the modificatlons indicated in Fig. 6.6 have been completed,
and the system has been leak-tested. Sample loops which have been
fabricated from calculated lengths of 3/l6~in. tubing are being calibrated
with standard samples of CO, in hellium. Any adjustment required in the

volumes of the samples loops will be accomplished by crimping the tublng.

Determination of Hellum in Air

A procedure has been developed for the measurement of small increments

in the concentration of helium in ailr. $Such measurements were performed
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Valving System for Multiple Sample Volumes,

in a study of the radiation hazard which would result from the rupture

of an EGCR in-pile test loop.

The determinations were carried ocut with

a Greenbrier Chroma-lab 950 chromatograph, which was used primarily as

8 thermal-conductivity apparatus to achieve the necessary sensitivity

of 1 to 2 ppm.

40 cm3/min stream of air as a carrier gas.

In this method a 25-cm’® sample was injected into a

The carrier cas was routed

directly through l/8min. tubing to the detector, a thermal conductivity

bridge with 8-K thermistor elements.

l-mv recorder.

Bridge output was measured with a

For maximum sensitivity the instrument was not tempera-

ture controlled but operated at room temperature, which varied from 20

to 24°C.
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pressures of helium with bottled breathing air, which was also used as

a carrier gas. The injection of a standard generated a peak of distorted
rectangular shape, corresponding to an inecrease In thermal conductivity.
Full-scale recorder deflectlion was produced by a concentration of about
70 ppm of helium.

Because no chromatographic column wag used in the system, the
measurement was not specific for helium. Accordingly, increases in the
concentration of helium rather than absolute concentration values were
reported. At each of four sampling points, a reference sample was taken
immediately before the release of helium, and then additional saumples
were taken at preselected time intervals after release. Increments in
helium concentration were calculated from increases in conductivity over
that of the reference samples. On the basis of duplicate determinations,
inerements of helium from & to 400 ppm were measured with a coefficient
of variation of 2%. On an absolute bvasis the average difference between
ten duplicate determinations was 1.4 ppm.

o

Investigation of Adsorbers for Removing 7
Fission~Product Gases from Helium

Measurenments of adsorption of krypton from flowing helium snd other
carrier gases were extended to cover additional types of charcoal and a
wider range of adsorber operating conditions. These measurements are
being made to obtain data on the operation of adsorbers for general gas-
cooled reactor application and for GC~CRR loop No. 2.

The data obtained in this study from elution curves for radiotracer
krypton sre presented in Table 6.9. Values for the dynamic adsorption
coefficient k, a quantity proportional to retention time, are based on
the volumetric flow rate measured at the adsorber pressure and at 24°C,
As the data of Table 6.9 indicate, helium is not appreciably adsorbed
on charcocal at these temperatures and has little adverse effect on k and
N, the number of theoretical plates per foot, at pressures up to 300 psi.

The deleterilous effect of exposure of the adsorber to gases containing
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Table 6.9. Dynamic Adsorption of Krypton by Activated Carbon

Carrier GCas

e Adsorber k, N, No. of
Type of Activated Tempera-~ _ s Adsorptlon  Theoretical
Carbon and e Superficial | o )
. Lure Pressure . Coefficient Plates
Mesh Size (°c) Type (psi Velocity (e /g) ]
) psia) (£+/min) {em’/g) per Foot
Columbia HCC, 12/28X 24, e 1.5 1.6 57% 72
0 e 14.5 1.6 112a 79
-33 e 14.5 1.6 520 103
era He 14.5 0.07 36, 10
24 e 325 1.6 53a g1
24 He 325 0.5 48 151
—~33 Fe 330 1.6 480 155
—33 He y 330 0.4 440 S
25 Air (R.H. = 5l)b 4.5 0.07 29 20
25 Air (R.H. = 59) 14.5 0.07 16 18
Coiurdis ACC, 6/14X 25 He 14.5 1.6 57 59
0 e 14.5 1.6 119 65
Pittsburgh PCB, 12/30 25 He 14.5 1.5 52 58
0 He 14.5 1.6 122 65

en . k) ) B
Reported previously but included for comparison.

DCharcoal was in adsorption equilibriuwm with water concentratlong

estimated relative humidities (R.1.) indicated.

corresponding to the



appreciable quantities of water vapor i1s evident, however, from the
two runs using wet air.

Tow values for k and N are evident at low flow velocities of carrier
gas. The low value for N is caused by the longitudinal diffusion of
krypton becoming important, and the low k value is probably due to the
elution curve not having a well defined peak (the location of which is
used to calculate k). Tor purposes of interpolation and extrapolation,
a plot of log k vs T"l, where conditions other than temperature are
constant, gives a nearly straight line. All three of the activated
carbons tested appear to be useful adsorbents for radiocactive fission-
product gases.

In a proposed deslgn for a purge trap for GC-ORR loop No. 2, the
helium velocity was to have been approximately 0.0035 ft/min. A krypton
elution curve was obtained in a laboratory test for this velocity but
at a pressure of 1 atm, whereas the trap was to operate at 250 psia.

The charcoal used was Columbia HCC 12/28X at 24°C with an effective
length of 10 in. This trap gave the very low breakthrough time of

1.8 hr, which is to be compared with the calculated average holdup time
of about 100 hr for the hypothetical case of large N. The effect of
diffusion is even more strikingly indicated here than in the case
mentioned above. Accordingly, since transport of krypton and xenon Dy
longitudinal diffusion is highly important for adsorbers operating at
low helium~carrier-gas velocities, an experimental and theoretical study
of fission-gas diffusion in charcoal has been initiated. Measurements
are being made of the diffusion of krypton through charcoal for a variety
of experimental conditions. Data thus far obtained correspond to the
charcoal being in 2~in.~1.d. pipes, with static helium at 1 atm as the
predominant component of the gas phase. A pulse of natural krypton with
Kr85 tracer is injected at one end of the charcoal column, and the rate
of migration of krypton is determined by ueans of a G-M counter tube
located at the other end of the column. The scope of measurements made
thus far is indicated 1n Table 6,10, where breakthrough time represents

the time at which Kr®® is first observable.
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Table 6.10. Diffusion of Krypton Through Charcoal

Length of Charcoal Approximate
Charcoal Column Temperature Breakthrough Time
(in.) (°c) (min)

Type of Charcoal
and Mesh Size

Columbia HCC, 12/28X 10.2 25 70
10.2 0 140
Pittsburgh PCB, 12/30 10.2 25 50
21.5 25 360
Pittsburgh PCB, 6/16 10.2 25 45
Empty pipe* 10.2 25 ~0,2

¥Helium filled; length and temperature refer to the helium in this
case.,

In conjunction with these measurements, an Oracle program has been
written for evaluating the applicable solution of the diffusion equation.
The solution, which is an infinite series, relates the krypton concen~
tration to time and position in the adsorber. By comparison of experi-
mental and calculated data, effective diffusion coefficients will be
determined for use in estimating adsorber performance.

In connection with observed heating durilung high-pressure tests on
the GC~CRR loop charcoal traps, a few laboratory-scale tests were per-
formed under simulated conditions. Temperature rises of about the
same magnitude were observed; e.g., a temperature rise of the charcoal
of 25°C was observed when the laboratory trap was pressurized with
nitrogen from O to 380 psig over a period of a few seconds. From experi-
mental and theoretical considerations, the observed heating appeared to
be explained satisfactorily by the heats of adsorption and compression;
in addition, its localized nature in the tests of the loop trap appeared
to be consistent with the geometry of the loop traps. On the other
hand, bulging of a loop trap, which also was associated with the pres~
surization, does not seem to have been due to the heating but rather

to the high pressure alone.
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Measurement of High Temperatures

Drift Studies of Chromel-P-Alumel Thermocouples in Various Atmospheres

An investigation of the large negative drifts in emf noted with
Chromel-~P-Alumel thermocouples in a stagnant helium atmosphere has been
continued. Previously reported drifts were obtained using quartz
thermocouple-protection tubes. Because of the possibility of quartz
reactions which might result in contamination of the thermocouple
msterials, a serles of measurements was made using 0.375-in.-0.d.,
0.25-in.~1.d4., 18-in.-long alumina tubes as the protection tubes. Within
the limits of the experiment, no differences were noted between the use
of alumina and quartz tubes. The emf measurements, electrical resistances,
and profile measurements were checked to detect inhomogeneities, and no
appreclable differences were found. It is concluded that quartz is not
necessary for obtaining the negative emf drifts.

As previously reported, the negatlve emf drift in these experiments
is due to changes occurring in the Chromel-P wire., The Alumel wire
always hag a slight posgitive drift without showing appreciable lack of
homogeneity at any polnt in the wire. In addition, Chromel-P-platinum
thermocouples were found to drift negatively without exposure Lo Alumel
wire, Therefore, much of the study has been concentrated on the Chromel~P
wire alone. The emf-drift tests showed that bright-annealed and dull
(oxidized) Chromel-P wire gave the same general results. Some differences
were noted, but the differences were malnly rate effects which did not
alter the major mechanism. All but special tests have been carried out
with the dull wire.

In order to study the sequence of changes during the emf-drifi tests,
Chromel~P wires were exposed to stagnant helium at 1000°C For various
periods of time. The results of these tests showed that the following
changes 1n the wire occurred during the time of rapld negative drift.

The first noticeable change was a brightening of the surface of the wire
in the hottest zone of the furnace. This brightening started within

minutes after insertion of the wire into the furnace and spread during
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the exposure time throughout the entire heated portion of the wire. The
bright section of the wire was attracted weakly by a magnet. With
increasing time, the wire in the hottest part of the furnace gradually
became dull gray and lost its magnetism. After several days, all the
wire except that in the sharp thermal-gradient region had an oxidized
appearance. The wire in the gradient retained its bright film. The
bright £ilm was rather easily peeled off the wire, and a black oxidized
layer was exposed., Fluorescent x-ray analysis showed the film to be

at least 99% nickel. As expected, the bright section of the wire was
strongly attracted by a magnet and even retained appreciable magnetism
after removal of the bright film,

As previously reported, profile measurements showing inhomogeneous
gections along the length of thermocouple wires have been made by with-
drawing the couples from the furnace in l-in. increments and measuring
the emf error at each position. In order to detect the inhomogeneous
sections of the single wires treated in the above experiments, it was

12 The wires to be

necessary to set up a unilateral gradient furnace.
tested were silver-soldered into a long length between two leaders of
untreated Chromel-P wire. One leader of untreated Chromel-P wire was

fed into the furnace through a hole in the door, around a takeup reel

in the heated zone, and out tharough the wall of the furnace. 1In operation
the wire was driven into or out of the furnace (400°C) at constant speed
while any emf developed between the two untreated leaders was being
recorded. In effect, the emf was the difference between that developed

in an untreated wire by a fixed gradient and that developed in the

treated wire by a moving gradient. The emf output was dependent upon
inhomogeneous sections of the wire, 1In the tests 1t was shown that
physical inhomogeneities (cold-work, etc.) and variations in chemical
compoeition of the original wire were insignificant in comparison with

the inhomogeneities that caused the large negative drifts.

12D, L. MeFlroy and J. F. Potts, "Thermocouple Research, Final
Report," ORNL-2773 (in press).
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The results of a serles of measurements made on single Chromel-P
wires treated at 1000°C in a stagnant helium atmosphere for various
times are summarized in Table 6,11. Profiles were obtalned for the wires,
and then the bright film was removed with an abrasive air blast. The
profiles were then remeasured, assuming that the previous measurement
had no effect on the wire. Repeated measurements on the same wire showed
this assumption to be valid.

The results indicate that the initial, small, negative drift along
the wire 1s removed by abrasion. However, the more slowly developing
positive drift in the isothermal (hot) zone and the negative drift in
the temperature~-gradient zone are relatively unchanged by removal of the
bright nickel film. It appears that the nickel film 1s not the major
cause of the large negatlve drifts.

One sample of Chromel-P wire was treated in stagnant helium at
1000°C for 72 hr in a tube containing a titanium wire. The titanium

prevented most of the negative drift usually expected.

Table 6.11. Regults of Measurements of Single Chromel~P Wires
Treated at 1000°C in a Stagnant Helium Atmosphere

EMF Peak (mv)

Duration of Before Abrasion After Abrasion
Wire Heat
iy + - -
Treatment Tsothermal lemper% u?e Tsothermal Tempergture
Region Gradient Region Gradient
© Region Region
10 min -0.3 0 -0.1 0
30 min ~0.3 0 ~-0.1 0
5.5 hr -0.3 0
48 hr +0.2 ~4.8 +0.2 ~4 .6
96 hr¥ +0.,3 —0.1

*Tn vacuum,
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As previously reported, the thermocouples failed to drift negatively
when under vacuum, This effect is shown in Table 6.11. The wire tested
under vacuum showed practically no negative drift.

Exposure of thermocouples made of Geminol-P versus Alumel versus
platioun to stagnant helium at 1000°C for 1006 hr resulted in only a
slight positive drift. The Ceminol leg showed a +0.2-mv change, with
a total change of 40.9 my for the Geminol-Alumel couple. Thils is in
contast to the results for a series of Chrouwel-P-Alumel couples, which
drifted negatively 8 to 11 mv during the same time. The Geminol wires
showed slight oxidation, in contrast to the Chromel-P wires, which were

almost completely oxidized in the temperature-gradient region.

Tungsten~Rhenium Thermocouples

Two tungsten-rhenium thermocouples were maintained in a pure helium
atmosphere at 1000 to 1100°C for 675 hr. During this period, the tempera-~
ture was cycled four times between 500 and 1100°C without increased error
in the thermocouple emf. The indicated temperatures agreed to within
5°C and were spproximately 10°C lower than calibration data reported by
lachman.?? The thermocouples were prepared by the ORNL Metallurgy
Division from stainless steel sheathed 0.025-in. tungsten~rhenium wires.
The junctions were formed by using a helix of 0.010~-in. rhenium wire
around the tungsten wire and were welded to the 0.025-1n. tungsten and
rhenium wires. A spot-welded couple and a Heliarc-welded couple were
tegted. The Heliarc-welded couple failed after about 650 hr by developing
a high-registance junction that gave erratic results. Investigation
showed a partial break in the 0.010~in. rhenium wire adjacent to the
weld Jjoining it to the 0.025=-in. rhenium wire. The sheath of the spot-
welded couple failed during the test. The sheath separated with a gap
of about 1/8 in. between parts, without damage to the wires. This
break occurred 3 in. from the Junction and apparently resulted in more

oxidation of the metals than was noted in the Heliarc-welded specimen.

133, ¢C. Lachman, General Electric Company, personal communication.
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7. DEVELOPMENT OF TEST LOOPS AND COMPONENTS

ORR Gas-Cooled In-Pile Loops

Loop No. 1

The in-plle section and transfer station of loop No, 1 were In-
stalled during the reactor shutdown of fugust §. This work completed
the installation of the main loop and the major auxillary equipment,
except the emergency power supply and the sweep gas system. Leak test-
ing of mechanical Jolnts is complete, and shakedown of the loop is in
progress. The system pressure is limlted to 45 pslg, pending opera-
tlonal and hazards committee approval of the loop. Operation of the
compressors, heater, cooler, and water pumps appears Lo be satisfactory,
and the entire system 1s belng run on automatic control for extended
periods.

Fabricatlon of the primary system sample box is nearly complete.

A preliminary test Indicated the feasibility of the foam-plastic method
of sealing contaminated plpe for removal from the pool, and preparatlons
are being made for a full-scale test. TFurther developmental work on the
underwater manipulation of flange bolts has been found to be necessary,
and the use of impact wrenches for thls service ig being tested. A
cartridge type of electric heater is being developed for callbration of
the in-plle gas-stream thermocouple, and a simplified transfer~station
loading tube 1s veing fabricated that will elimlnate the plastic sleeves
and shearing of the instrument lead tube underwater. A revised opera-
tional and hazards report has been prepared for review by the committees

which must approve the loop prior to full-scale operation.

Loop No. 2

Fabrication of the primary components of loop No. 2 1s nearing
completion., The side-gstream molecular sieve and cooler were redesigned
to facllitate shielding. Fabricatlon has been Initiated on these 1tems.



It was decided to use a chloride-free material, such as Amsco 125-82
or triethylphosphate, instead of Freon 11 as the coolant for the side-
stream carbon trap. The design drawings for this trap were completed.

Fabricatlon of the south facility plug was completed, and the unit
wag installed on schedule in the ORR during the extended reactor shut-
down in July. Drawings of the contalnment cell for the loop were com-
pleted and transmitted to the constructilon contractor.

Components in the primary helium coolant circuits which have large
surfece areas and/or large temperature gradlents are to be lead shielded
because of probable filssion-product deposition during operation. Desilgn
and detalling of these shields are approximately 70% complete.

On the basis of satisfactory test results at temperatures up to
1300°F, 1t has been decided to use Marman Conoseal flanged jolints for
the 2 1/2— and 5-in. IPS applications in this loop. These joints, as
modified for this use, have double gaskets and a buffer zone which will
be maintained at a pressure 50 psi above that I1n the loop.

Detall drawings of a positionling fixture for the removable elbow
are complete, and design and detail drawings have been completed for
an electrically operated deviece for applying torgue to the bolts on the
5-1n. removable-elbow clamp. A design for forcing apart the slip joints
of the removable elbow and a design for retaining the gaskets in position
during remote assembly of the elbow have been completed. Deslgn of a
cover for the retention of contamlnated prodiucts 1n the removable elbow
and In the mating nozzles has been made. An Investigatlon of sampling
and analytical requirements for loop 2 was made, and a draft of criterla
for gas-sampling was prepared.

Construction and assembly of the evaporator and condenser are com-
plete and the heater is partially assembled. These components are to
be tested out-of-plile, as described in a later section of this chapter.
Dye~-pentration and helium-leak-detection tests were made on a shipment
of 84 of the heater cartridges. The dye-test indicated numerous sheath
penetrations, but the cartridges passed the helium leak tests. Addltional

cartridges have been ordered to tlghter specifications.
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The test stand for the remotely operated crane and single-arm
manlpulator was designed and 1s being fabricated. This test stand will
be used to develop and demonstrate equlpment and techniques for the re-
mcte removal of the in-pile test section.

Under conditions of zero filgsion power and no coolant flow, 1t was
calculated that the fuel element temperature would rise a maximum of
approximately 400°F due to gemma-ray afterheat. This will not produce
fuel melt-down. However, preliminary results from an analog computer
study of the loop 1ndicate that the test sectlion wlll require modifica-
tlon and that the critical component, temperature-wise, willl probably
be a baffle between the main coolant stream and the shell coolant stream.
Data from analog computer runs simulating the graphlte-jacketed fuel
element operating at a fission-power generation rate of 150 000 Btu/hrsft
with a jacket temperature of 2500°F are being analyzed.

An analysls of the temperature distribution in the metal of the ob-
round sectlon of the scuth-facility nose plug indicated that the reactor
setback controls should be set for activation at a minimum flow rate of
60 gpm of cooling water to prevent flashing of the cooling water. An
analysis was made of the possibility of damage to the loop 2 containment
cell by postulated missliles resulting from equipment failure. Although
the analysis is not complete, the missile hazard appears to be very small

and wall penetration willl not occur.

EGCR In-Pile Loops

Through-Tube Design

Three design layouts have been prepared for the 5 l/2—in.—o.d.
through tubes, and the preferred deslgn lg shown in Fig. 7.1. This
design elimlnates an expanslon Jjolnt required in the cther two deslgns
by allowing the loop tee In the bottom nozzle Lo move downward to com-
pensate for the differential thermal expansion between the loop tube
and the reactor. The nozzle load to the reactor vessel was reduced by

connecting the breech closure to the primary loop containment.
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An evaluation of the axial
loads on the through tubes and
reactor nozzles was made Tor the
current preliminary designs with
and without expansion bellows.

A compressive load greater than
the critical column-buckling load
was found for the 5 l/2—in.~o.d.
through tube with an expansion
bellows. Without the bellows,
the through tube will normally
operate with a tensile load;
hence, there will be no column-
buckling problem. With the loop
depressurized, the reactor pres-
sure will cause a compressive
load, but this will be consider-
ably less than the critical load
for the tube.

Since the effective diameter
of the bellows for the 9 1/2—in.w
0.d. through tube can be made

smaller than the inside diameter

of the tube proper, the axial load on the tube will be a tensile load

under normal conditions.

Again,

depressurization of the loop wlll cause

a compressive axial load that will be considerably smaller than the

critical load for the tube.

Component Designs

gas Filters.

the main loop~gas filter be Increased from 12 to 18 in.

New pressure-drop data require that the diameter of

Under the most

severe operating condition, the calculated pressure drop through the

primary filter element is 7 in. H,O0.
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filter, a prefllter and postfilter are to be Included in the filter
vessel to protect the primary filter from the larger of the incldent
particles. The postfilter is designed to protect the compressor im-
peller from the large particles in case the primary filter becomes over-
loaded and ruptures.

The type 347 stainless steel filter vessel will be approximately
20 in. in diameter and will be surrounded by insulation and lead shield-
ing. The filter system will give an efficiency of at least 99.9% for
0.3 p particles and larger and will operate with a total pressure drop
of about 15 In. of Hy0.

Gas Heater. An evaluatlion was made of alternate deslgns for the
loop process gas heater.ls? Difficulties in procuring leak-tight seals
for heater leads and insulation suitable for use in high-pressure hellum
have led to the choice of resistance-heated plpe sectlons. Tt 1s now
intended to provide heat to the loop zas by passing a large electric
current through a sectlon of the loop plpe in the experimenters' cell.
The plpe whilch will be heated willl te in the form of a U-tube; 1.e.,
two 20-ft sections of stralght pipe wlll be joined by a standsrd 180-
deg turn fitting. No electrlc current wlll pass through the turn or
through the welds at the ends of the straight plpe sections.

Diversion Valve. The following specifications were prepared for

a diversion valve and were submitted to vendors for blds:

Heliunm System

System pressure, psi 500 1000
Maximum flow through valve, 1b/hr 9190 9190
Temperature, °F 1050 1050
Maximum pressure drop across valve 2.1 2.1

from Inlet to outlet through
elther discharge port, psi

1"GCR Quar. Prog. Rep. March 31, 1960," ORNL-2922, pp. 239%+42.
2"GCR Quar. Prog. Rep. Jume 30, 1960," ORNL-2964, p. 239.
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CO, System

System pressure, psi 500 1000
Meximum flow through valve, 1o/hr 41 000 41 000
Maximum pressure drop across valve 3.9 2.0

from inlet to outlet through
either discharge port, psi

Sniffer-Gas System. The criteria for the sniffer-gas system for

detecting a helium or carbon dioxide leak to the annulus between the
loop piping and the secondary containment piping were established. A
small flow of air will be passed through the anmilus via an inlet and
an outlet orifilce, and leakage into or ocut of the annulus will modify
the ammulus pressure by unbalancing the flow rates. Radiation measure-
ments will be used to back up the pressure measurement for detection of
leakage 1nto the annulus.

Buffer-Gas System. The buffer-gas system ls designed to detect

helium or carbon dioxide leakage at mechanical joints by sensing a drop
in the pressure between double seals. The buffer gas wlll be maintalned
at a pressure greater than the loop operating pressure. The system wlll
not. be capable of determining which Joint is leaking until the loop has
been shut down and the cell can be entered for manual valve operation.

Gas~Transfer System. The gas~transfer system will consist of the

transfer pump, storage tanks, and a safety surge tank. The transfer
pump is to be a nultiple-stage diaphragm pump capable of transferring gas
from the loop to the storage tanks or from the storage tanks to the

loop in less than 5 hr. The maxlmum discharge pressure is 1100 psia,

and the winimum suction pressure is & psia.

The gas-storage system will consist of six 24-1n.-o.d., 12 l/2wft—
long tanks connected with headers. The total system volume will be
approximately 200 £t3.

The safety surge tank is designed to add a measured volume of gas
to the loop in the event of loss of one compressor when the loop is
operating with helium at 500 psia. The tank wlll hold approximately
5 1/2 1b of helium at 1000 psia for release 1nto the loop upon demand.

This addition of helium will increase the loop pressure from 500 to 646

psia at the rate of 4 psi/sec.
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Cooler. The loop coolers have been redesigned to bring the steady-
state thermal stresses wlthin the l1imits speclfied by the ASME Boller
Code for Unfired Pressure Vessels. The original cooler design consisted
of heavy concentric pipes separating the loop gas and the demineralized
cooling water. ‘The steady-state thermal stresses 1In the pipe separating
the hot gas (up to 1050°F) and cold water (150°F) was approximately
100 000 psi. The current deslgn employs a shell-and-tube arrangement
with the gas flowing ingide the tubes. By employing a larger gas flow
area and thin-walled tubes, the steady-state thermal stresses are below

those permitted by the Code.

Deminerallzed-Water System

The demineralized-water cooling system has been modified to provide
secondary containment in the event of a rupture of the primery loop gas
into the water system. Such a rupture could occur either at the loop
coolers or at the water-cooled compressor casings. The demineralilzed-
water system 1ls not designed for high pressures. Conseguently, In the
event of a gas leak Into the cooler, automatle valving on the cooler
water-feed lines wlll seal the cooler from the rest of the water systen.
The cooler is designed for an allowable pressure of 500 psia. Any over-
pregsure will open a pressure-relief valve which will vent the cooler
t0 the experimental cell serving the loop. Both the cooler and the com-
prezsor demineralized-cooling-water supply systems are provided with
means for detecting and contalning both small gas leaks and major system
ruptures. Provision 1s also made for emergency cooling of the compressors

and the loop cooler.

Cell Ventilation System

A brlef study was made of the cell ventilation system to be provided
by Kaiser Englneers In order to evaluate its adequacy. It was found
that the ventilation rate was about an order of magnltude higher than that
requlred for any antlicipated occupancy of the cell. Conseguently, 1t was

recommended that the ventilation rate be reduced by a factor of 10. The
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lower flow rate will reduce the gize of the ventllation duct blowers and
associlated pliping, permit easier monitoring of the cell radlation level,
and reduce the provability of large-scale fission-product release to the

stack in the event of a major system rupture 1n the cell.

Hazard Studies

Natural-Convection Cooling. An analysis has indicated that natural

convection will be a significant heat-removal process in the experimental
loops. When the flow characteristles of the final loop plplng layouts
are known, convection calculations will be made to determlne accurately
the rate at which heat can be removed from the test element by thils
process.

Transient Thermal Stresses. In order to evaluale translent thermal

stresses in loop piping, calculations were made to determine tempersture
vs time and position for the concentric piping from the cocoler to the cell
wall after a rapid drop of cooler outlet temperature. The calculatlons
were based on 6-in. sched.-80 stainless steel plpe inside 8-in. sched. -40
stainless steel pipe with alr In the annulus. For a 60-ft length, it was
found that a step change in the inlet temperature would lower the i1lnner
plpe temperature rapldly before any appreciable change occurred in the
outer pipe temperature. The greatest difference between mean temperatures
of the inner and outer pipes was approximately 85% of the initlal step

change. This occurred after about 4.5 min.

Thermal Expansion. During investigation of certaln emergency condi-

tions, it was found that ccoling characteristics of the process and con-
tainment plping between the through-tube nozzles and the cell-wall anchor
point would result in considerable differentlal contraction. The changes
requlred to provide the necessary freedom of movement for the process
piping within the contalmment plping are being studled.

Kinetlc Study. The dynamic behavior of the EGCR loop is beling in-
vestigated with the use of the ORNL Reactor Controls Analog Facility.

The preliminary analog simulation was based on the loop design as of

mid-June. Four cases were studled; two of these were helium-cooled
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systems and two were carbon dloxide-cooled systems. All four cases were

2 Pwo of the cases considered required

based on proposed test speclmens.
attemperation in the fuel element sectlion and two did not. The calcu-
lations consildered normal changes 1in power, scram conditions, loss of

one of three and loss of one of two compressors, loss of pressure, and
compressor speed-control fallure. The loss of compressor and loss of
pressure accldents were considered both with and without corrective
action.

The primary conclusion to be drawn from the results of thls pre-
liminary analog study 1s that, in general, the dynamic behavlior of the
loop is essentially the same for helium and carbon dioxide and for attem-
perated and nonattemperated conditlons. The system appeared stable,
wilthout overshoots or osclllations in temperature and flow rate upon
changes in power. The loss of compressor accldents were found to cause
falrly rapid changes 1In specimen surface temperature and gas temperatures
which would probably result in loop failure 1f uncorrected. Upon loss of
one of three compressors, however, corrective actions, such as compressor
speedup and Ilnereasing the loop pressure, brought the loop back to normal
operating conditions quite rapldly, with minimum excursions, as shown in
Flg. 7.2. Reactor shutdown would be required upon the logs of one of
two operating compressors. The analog simulation indicated an orderly
shutdown could be accomplished without major excursions in temperature.
Typical curves for both scram and orderly shutdown are ghown in Fig. 7.3.
The study confirmed that loss of loop pressure even from a fast leak was
& serlous accident and, in most cases, would cause substantial tempera-
ture excursions, even with a scram. Typlcal results are presented in
Fig. 7.4. The fallure of a compressor speed controller that resulted
in 2 minimim speed would be a serioug problem only if the compressor
minlmum speed were set at a value considerably below the normal opera-

ting point.

’R. B. Korsmeyer et al., "Comparison of Fuel Assembly Tests Prog-
nosticated for EGCR Loops,' ORNL CF-60-1-1.
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ting Compressors of an EGCR Locp System. within the pilpe chase, it was
necessary to remove the shlelding from between adjacent coolers and, in
some locations, from between adjacent pipe runs. A 10-ft section of re-
movable shielding will be available to provide shlelding in case diverter
valve maintenance is required.

The ORNL designs of the experimental crane shed and the cell personnel
alr lock are essentially complete, and a single-line dlagram for the cell
electrical system has been prepared. The diagram shows two separate power
supplles, one from the EGCR 13.8-kv substation and the other a 13.8-kv
transmission line from the Y-12 area. The system has four transformers,
rated at 13.8 kv/4.8 kv and 1500 kva each, serving two wmain busses and
one suxiliary bus. Each loop will have two compressors, a loop heater,

and a transfer pump Ted from the EGCR source. One compressor per cell

willl be fed from the Y-12 source.
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Fig. 7.3. Typlcal Curves for Instantaneous Loss of One of Two
Operating Compressors of an EGCR Loop Systemn.

Hydrogen~Cooled Loop Deslgn Study

A preliminary study was made of the proposed hydrogen-cooled In-
plle loop, and it was found that the potentlal hazards were more extensive
than flrst entlelipated. Extensive additional study will be requlred to
fully evaluate these hazards. Present plans call for the hydrogen loop
to be located Iin a modified version of one of the large core through
tubes. Bince high performance 1s not consildered to be essential in ac-
quiring experilence wilth the use of hydrogen gas as a coolant, the loop
performance specification will be relaxed both as to operating pressure

and test fuel element power. The baslc design crilterla now belng
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for the inert gas. The experi-
menters' cell will contain all the principal loop components, and it too
will be filled with an inert-gas atmosphere that wlll be continuously

processed to remove hydrogen and oxygen.

TL.oop Component Tests

Heater, Evaporator, and Condenser for GC-ORR Loop No. 2

An out-of-pile test loop 1s being assembled for testing the per-~
formance of the GC~ORR loop No. 2 heater, evaporator, condenser, and
heater power and control equipment. The teszst loop is to provide a helium
flow of 500 lb/hr at 300 psig and 600°F, heater gas outlet temperatures
up to 1470°F, heater element skin temperatures up to 1700°F, evaporator

gas inlet temperatures up to 905°F, and evaporator gas outlet temperatures
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not to exceed 600°F. The maximum flow capacity (500 1b/hr at design
conditions) of the only compressor available for this test, an HECT-II
compressor, makes 1t Imposslble to achieve the deslgn flow rate of
1000 lb/hr. It will be possible, however, to extrapolate the data ob-

tained from the test loop at the lower flow to full flow conditlons.
The test loop will contaln two closed clrcuits, a 300-pslg hellum loop

and a steam ahd condensate loop, and two open circults, a demlneralized-
water makeup system and a cooling water system. The hellum loop 1s com-
posed of a HECT-II compressor, the heater, the evaporator, a bypass around
the heater, and the necessary 2 l/2-in. pipe and fittings. Remotely opera-
ted control valves in the bypass and heater inlet lines permlt diverting

a portion of the helium flow around the heater. This will permit testing
of the heater at the maximum gas outlet temperature wlthout exceeding the
evaporator gas inlet deslgn temperature of 905°F.

The steam and condensate loop 1s made up of & 2 1/2-in. steam line
from the top shell side of the evaporator to the top shell slde of the
condenser and a 1-in., condensate line from the bottom shell silde of the
condenser to the bottom shell slde of the evaporator. A manually operated
valve and a vent line are provided at the highest point of the steam line
to permit purging the system of alr when starting up. A pressure~relief
valve 1g also provided in the steam line.

The demineralized-water makeup system 1s composed of two 50~gal
stalnless steel drums, a continuously opersted positive-displacement
pump, a bypass around the pump, an sutomatically operated flow-control
valve, a manually coperated flow-control vealve, and the necessary l/A—in.
pipe and fittings. The valving arrangement at the drums permits elther
drum to be removed and refilled while the second drum is in use. An in-
line pressure-relilef valve In the pump bypass maintalns a preset pres-
sure on the system. The cooling weter system consists of a l-in. plpe
to a process-waber header, manual throttling valve, a flowmeter, the
tube slde of the condenser, and an outlet pipe to the waste-water system.

Orifices are provided in the compressor return and heater bypass

lines for determining the helium flow through any portion of the helium
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loop. e temperature is sensed with thermocouples at several critical
peints inside the heater, at the orifices, and at the inlet and outlet
of the compressor, the heater, the evaporator, and the condenser. Tem-
peratures from the critical lcoecations are recorded continuously on a
multipoint recorder, whlle those from less critical locations and from
backup thermocouples are indicated by means of a selector switch. Pres-
sure taps are provided for measurlng the helium loop pressure, the steam
pressure, the demineralired-water makeup system pressure, and the pres-
sure drops across the heater, evaporator, and condenser. Reflex sight
gages Indicate the water level in the evaporator and the condensate level
in the condensate return line. An automatic level controller maintains
the water level in the evaporator between preset limits. The cooling-
water flow through the condenser 1s measured with a floymeter. An elec-
trical interlock cuts the power to the heater and a time-delay switch
stops the compressor when the evaporator gas-cutlet design temperature

is exceeded.

Ceramic~Metal Seal for Heater Leads

A heater-~lead seal developed by the Hynes Electric Heating Division,
Turbine Equipment Company, has been tested. The design of the seal,
which combines metallic and ceramic components, 1s shown in Fig. 7.5.

The central electrode is of type 316 stainless steel, and the insulating
material 1s Super Mica 500, which has a coefficlent of expansion of

10 x 1078 1n./in.-°C, a compressive strength of 27 000 to 30 000 psi,

and a tenslle strength of 5000 to 7000 psil. Super Mica 500 is rated for
use at 900°F. The clearance between the central electrode and the Super
Mica 1s filled wilth Fiberfrax impregnated with epoxy resin. There are
two gaskets, each of Fiberfrax impregnated wilth epoxy resin; one is
between the shoulder of the central electrode and the Super Mica, and

the other 1s between the Super Mlca and the flange. The flange 1s type
347 stalnless steel. An electrical lead and seal of this type was tested
by the Hymes Company at a 3000-v potential, and 1t exhlbited no electrical
leakage.
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Fig. 7.5. Hynes Heater Lead With Metal-Ceramic Seal.

The ORNL test program conslsted of mounting the seal element in a
speclal fixture and exposing it to the pressure gradient range of interest
(0 to 1000 psi) at increasing temperatures. Testing of the heater lead
seal was terminated when a hellum leakage rate of 10 cmB/min was obtained
wilth a pressure difference across the seal of 20 psig and wlth the seal
at o temperature of 600°F. When the pressure container was opened, 1t
wag oObserved that some of the epoxy resln used in the seal construction
had melted and had been forced cut of the seal. In order to further con-
firm by visual inspection that the seal leaked, a hellum pressure of 20
pslg was applied to the bottom slde of the seal and water was sprayed
on the top slde. Gas bubbles leaked through the seal and appeared at

the interfaces of the ceramle and metal parts.
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The inltial low-temperature leakage rates of the seal, as measured
with the use of a mass spectrograph helium leak detector, are summarized
in Table 7.1. Following these tests, data were obtained on hellum leak-
age rates through the Hynes Seal with the seal at 285 to 290°F and at
five test pressures ranging from 200 to 1000 psig. A water-filled glass
manometer was used to measure the leakage. The data obtained in these

tests are pregented in Fig. 7.6.

Heater Electrical Breakdown Test

Chromalox tubular heating elements in hairpin form inserted through
and welded into a single header plate are being investigated for gas
heating. The header plate sgeparates the process helium from a higher
pressure zone of buffer helium. Because of the possibility of electrical
breakdown of the helium buffer gas in the zone between the sheaths and
terminals of the tubular heaters, tests of the configuration of interest
are to be made to define its operating characteristics in helium at
pressures up bo 1000 psig and temperatures up to 950°F when exposed to

electrical potentials in the range O to 1000 volts. The high-pressure

Table 7.1. Results of Leakage Tests of Heater-Lead Seal

Duration of

Pressure Above Temperature Pressure Helium Leak
Seal (psig) O?oéial Differential Rate (cem?/sec)
F (min)

990 Room 10 0

200 303 10 <1.1 x 107°
400 303 10 <1.1 x 107¢
200% 300 10 0

400b 300 10 0

600 300 2 to 3 >1077

“Before this and subsequent tests, the volume immedliately
beneath the seal was purged with nitrogen to reduce the helium
background for more accurate readings with the helium leak de-
tector.

bAt this test pressure, the leak detector suddenly indicated
off-scale.
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Fig. 7.6. Leakage of Heater-Lead Seal as a TFunctlon of Hellum
Pressure at a Seal Temperature of 290°F.

test chamber, the high-pressure plping system, the electrical power
supply, and the lnstrumentetlon have veen deslgned, fabricated, and ss-
sembled. The test chamber, Including the modified Conax seals for the
high~voltage leads, has been tested and approved. The reslstance to
ground of the electrodes 1n the Conax zeals was In excess of 200 megohms
in air at room temperature. A pctential of 500 v was applled between
the electrode and body of each Conax seal, and no Indlcatlons of electri-
cal breakdown were noted. A full-length Chromalox tubular hester will

be tested for electrical breakdown 1in this test system.

EGCR Loop Valves

A test facility has been designed and constructed for screening
tests of valves for the EGCR loops. The valves selected for testling
are a Y-type globe valve wilth a Limlitorque operator manufactured by the
Wm. Powell Company, a ball valve with a Limitorque operator manufactured
by General Kinetics Corporatlon, aund a gate valve wilith a hermetlcally
sealed actuator manufactured by Darling Valve and Manufacturing Company.
Each valve will be tested at 10350°F and 1000 psilg to demonstrate

compliance wlth specifications as to seal-plug leakage, stem-seal
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effectiveness, and valve-actuator reliability. The valves willl be auto-
matlically cycled 100 times Dbetween atmospheric pressure and 1000 psig
of helium and between 200 and 1050°F during the course of the test

progran.

Special Compressors

Regenerative Compressors

Two regenerative compressor units have been installed in the twin-
turbine vessel of the GC-ORR loop No. 1. During the loop shakedown and
instrumentation checkout pericd, the compressors have operated satis-
factorily as a single unit and in series over a range of speeds (6 000
to 12 000 rpm) and temperastures (up to 600°F) at limited pressure, pend-
ing approval of operation at design pressures.

The two defective compressor housings mentloned previously were
successfully repaired by nickel plating the coolant passageways. The
repair work was accomplished by the GATX Kanigen process. A mechanlcal
repair technique that provides a shrink fit between the shell and the

splral drum is being investigated by the A-Tool and Gage Company.

Compressors with Gas-Lubricated Bearings

The delivery of the Bristol Siddeley compressor has been delayed
because of inability to eliminate bearing metal-to-metal contact that
is probably due to high-speed whirl. The compressor has been rebuilt
19 times in pragmatic attempts to solve the problems.

In an effort to determine possible causes for the bearing rubbing
being experienced in the test runs, a bearing study was initiated at
ORNL. The thrust and impeller end-bearing loads were determined to be
22 and 24 1b, respectively. The analysis indicated that the 2.25-1in.-
diam, 6-in.-long bearings are lightly loaded, and, as a result, the
attitude angle ig nearly 920 deg. Thils renders the bearing unstable.
The results of computer solutions for other bearing designs indicate
that a 180-deg partial bearing should offer the required loed capacity

with an attitude angle small enough to ilnsure stability of operation.
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High-Temperature Gas~-Bearing-Compressor Test System

A test system for high-tempersture performance checks of gas-bearing
compressors has been completed. The compressor to be tested 1n this

system has been recelved and is undergolng flnal acceptance inspections.

Compressors for GC-ORR Loop No. 2 and EGCR Loops

Contracts for three compressors for loop No. 2 end 16 compressors
for the EGCR loops, all wlth gas bearings, were awarded to Bristol
Siddeley Ernglnes Limited during the last report period.

Mechanical Joint Service Testing

Elevated temperature thermsl-cyling and load-cyelling tests of
mechanical plpe Jjoints were continued in the three mechanical Jolnt test
stands described previously.4 The current tests have iIndlcated that the
10-1in. ~-IPS standard Conoseal Jjoints willl remain leaktight within accept-
able limits under both thermal cycling and mechanilcal load cycling with
internal gas temperatures up to 1050°F. Although the flange-sealing
surfaces of these units were as much as 0.010 1n. out of round because
of werpage which occurred during welding of the units into the test
Tixture, satisfactory seals were obtained by limiting the torque applied
to the clamp studs to 150 ft-1b. Repesated closures of these Jjolnts have
demonstrated that the Jjolnts can be resealed 1f new gaskets are lnstalled
for each closure.

The test results also Indicate that the 2 l/2-in.-IPS gas-bufTered
Conogeal Jolnts utilizing N-155 high-temperature alloy clamps will re-
maln leaktight under mechanical load cycling with Internal gas tempera~
tures up to 1500°F. However, these units have exhiblted a tendency to
leak under thermal~cycling conditions at meximum operating temperatures
of 1400°F and above.

Five~1in. -IPS gas~buffered Conoseal and six-in.-IPS gas-buffered

Grayloc mechanical Joints have been recelved for testling and evaluation.

4"GCR Quar. Prog. Rep. June 30, 1960," ORNL-2964, p. 243.
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Initlal room-temperature leak tests of these units gave a leakage rate
of <1 x 10710 cem?® (STP)/sec for the inner seals of both units and
4 x 1078 and <1 x 10720 for the outer seals of the Conoseal and Grayloc

units, respectively.

174



Previous reports in this series are:

Parts 1-4, issued April 1, 1958

CORNI~2500
ORNL~2505
ORNL~2510
ORNL~26'76
ORNL-2767
ORNL~-2835
ORNL-2888
ORNL~2929
ORNL-2964

Issued
Issued
Period
Period
Period
Period
Period
Period

June 19, 1958

September 18, 1958

FEnding December 31, 1958
Ending June 30, 1959
Ending September 30, 1959
Ending December 31, 1959
Ending March 31, 1960
Ending June 30, 1960
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