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SUMMARY

Part 1. Design Investigations

1. Pebble-Bed Reactor Studies

Two design studies have been carried out of the pebble-bed reactor
which Sanderson & Porter studies have indicated to be potentially capable
of producing low=-cost power. First, a preliminary design was prepared for
a 10-Mw experimental reactor with which to obtain sufficient data for the
design of a full-scale pebble~bed power reactor.

The core of the experimental reactor is 8.1 £t long and 18 in. in
diameter and is surrounded on all sides by a 3-ft-thick graphite reflector.
The fuel consists of 1 1/2-in.-diam balls composed of 90.0 wt % graphite,
5.49 wt % U0y, and 4.51 wt % ThOz. The uranium is fully enriched. The
core has 39% of its volume as space for the coolant gas (helium). It is
intended that the fuel residence time be 246 days, which will give a
uranium burnup of 10%. These conditions will subject a fuel ball to the
same temperature, power density, and burnup as would be experienced in a
full-scale power reactor. An unusual feature of the reactor design is
the use of control blades placed ciyrcumferentially in the reflector. Since
the reactor is mainly reflector-moderated, this location provides effective
control without interference with the fuel halls In the core,

The gas~cooling system is designed to supply helium at a pressure of
1000 psi with a core inlet temperature of 550°F and a core outlet tempera-
ture of 1250°F. The gas system configuration was chosen to assure removal
of afterheat by thermal convection. A steam generator designed to deliver
steam at 1000°F and 1000 psi is provided to remove heat during normal op-
eration.

The second study produced a design of a 330-Mw (electrical) pebble-
bed reactor power plant based on a parametric analysis of the design re-
guirements. In this design the reactor thermal output (800 Mw) is removed
by helium entering at 550°F and leaving at 1350°F under a pressure of
700 psia. Three concepts of gas flow through the core were analyzed: axlal
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downflow, rsdial outflow, and axial upflow; the last was chosen for the
design study.

The cylindrical core is 20.7 ft in diameter and 12.4 £t high. It is
surrounded by a 3-ft-thick graphite reflector. The core and the reflector
are contained in a 31.4~ft~i.d. spherical pressure vessel of 4-in.-thick
carbon steel.

The fuel consists of 2.5-in.~-dlam graphite balls containing 0.44 wt %
U?3% and 8.45 wt % Th. The core power density is 6.6 w/cm® and is limited
by the levitation of the fuel. Larger fuel balls, which could withstand
higher gas flows without levitation, appeared to be limited to lower power
densities because of thermal stresses. The conversion ratio, which is
initially 0.75, will eventually rise to about 0.8. The fusl residence
time in the core is 700 days.

The two steam generators are once-through boilers containing econo-
mizer, boller, rcheat, and superheat sections. TFeed water enters at 400°F
and leaves as steam at 2480 psia and 1055°F. Reheat steanm enters at 470
psia and 623°F and leaves at 460 psia and 1005°F. The turbine-generator,
a tandem-compound type, is rated at 345 Mw and is desiguned for indoor in-

stallation.

2. Reactor Physics

A zone~loading pattern Tor the HGCR has been designed that is a satis-
factory compromise between the requirements for power flattening and the
desire for high loop power. Since installation of the loops is to be de~
ferred, this fuel loading will not be required for the initial core.

Resctivity effects assoclated with operation of the EGCR were studied
to obtain data needed for determining the control actions that must be
available. Also, calculations were made of the neubtron source required
for the FGCR. A polnt source and a shell source were considered, and it
was found that the flux in the fission chambers depended significantly on
the shutdown reactivity and on the source position.

otudies of the flux levels at EGCR shileld penetrations and the dose
rates around the charge and service machines were made. The dose rates at

peints where men will be working are not expected to exceed 17 mr/hr.
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Further calculations of the heat deposition in the EGCR core have
included the additional heating by gamma rays originating in a loop experi-
ment and the heating effect of fast neutrons. The core heat deposition by
fast neutrons was found to be 1.97 Mw, and the reflector heat deposition
was 0.19 Mw.

3. Reactor Design Studles

The thermal behavior of the EGCR fuel assemblies has been analyzed in
terms of the effect of control programing and mode of operation. Three
different control rod positions were evaluated with respect to (1) opera-
tion with all orifices set so that the exit gas temperature from each fuel
channel would be the same and (2) operation with the orifices set to main-
tain a uniform maximum fuel element surface temperature in each channel.
The analyses indicated that the difficulties associated with setting the
orifices to maintain a uniform maximum fuel element surface temperature
are not warranted.

The ORNL analog computer was used to analyze EGCR fuel temperatures
during the following ftransients: (1) the extremes of the normal condi-
tions, (2) variations caused by loss of gas flow, (3) variations caused
by reactivity increases, and (4) variations caused by loss of power. The
results are pertinent to design evaluations.

Preliminary designs have been prepared for four types of beryllium-
clad fuel elements to be used in alternate fuel assemblies for the BGCR
core. Clusters of 7, 12, and 19 rods are being considered.

Correlation studies were made of mass transfer data and heat transfer
data applicable to EGCR fuel assemblies. The agreement between heat trans-
fer data for a seven-rod bundle and mass transfer data for a simulated EGCR
fuel element was within 7% end with 10% (with the exception of the first
half of the center tube, which was within 20%) of data from heat transfer
experiments on round tubes.

The design of the EGCR control rod has been modified, and a full-
scale mockup is being assenbled to establish fabricating technigues.

Limited tests will be made on the mockup to confirm design assumptions.
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A method for decontaminating EGCR components has been developed. An
oxalate~peroxide solution of controlled pi is used that simultaneously
dissolves UQ, and decoataminates steel surfaces.

A kinetics study of the oxidation of Hp, CO, and CHy in a flowing
stream of helium in a fixed bed of Girdler G-43 platinum catalyst has been
completed. The experimental data have been correlated empirically. Ap-
parent reaction rates and design equations for determining the necessary
bed volumes for a helium purification system were determined.

Tn EGCR hazards evaluations, the possibility of ignition of the graph-
ite if air entered the system because of a rupture was considered. Since
there are areas in the EGCR where unprotected graphite surfaces are at
temperatures in excess of 1100°F, means must be provided to control or
eliminate graphite oxidation. Experimental studies of this problem are
under way. It appears that coating the fuel element sleeves will be ef-
fective in inhibiting graphite oxidation in the EGCR.

A review of the maximum credible accident postulated for the EGCR
has been made by an AEC-appointed task force. As a result of the review,

a single~ended pipe failure was defined as the maximum credible failure
based on (1) physiecally restricting the piping system in key locations so
that double-ended failure is not possible and (2) providing for inspections
and tests to preclude the possibility of a nonductile failure for the
portion of the piping external to the bioclogical shield.

An empirical representation of the neutron exposure of the moderator
columns in the HEGCR has been developed for use in evaluating the induced
stresses. A detailed comparison with numerical data showed that the empiri-
cal representation gives a good approximation for those columns that con-
tain four fuel chamnels and is sufficiently accurate for those which con-
tain less than four channels.

Fast-neutron exposure will lead to bowing of the EGCR graphite columms,
and therefore an evaluation of the deflection of each column is required
as a basis Tor designing the supports. The maximum unrestrained bowing
potential was found to he 3.61 in. along both the x and y axes.

Tnstanbsaneous collapse and creep buckling tests of type 304 stainless

steel cylindrical shells are being conducted in order to obtain data



applicable to the experimental tubes in the EGCR. In model tests, the
critical buckling pressure is being correlated with time, and geometrical
variables are being studied. In prototype tests, 8~ and 4-in.-o0.d. tubes
are belng tested at service temperatures. OCome correlation of collapse
geometry with original variations in the tubing have been noted.

An experimental stress analysis was made of a spherical shell with
an attached nozzle in order to check the hypothesis that the total stresses
resulting from combined loadings may be obtained by linearly adding the
stresses corresponding to each component. separately applied, so long as
the elastic limit is not exceeded. ZExcellent agreement was found.

An analysis was made of means for reducing thermal stress in the
region of the junction of the pressure-~vessel body and the flange that
forms a part of the volute of the compressor for GCR~ORR loop No. 2.

Design criteria were established.

4. Experimental Investigations of Heat Transfer and Fluld Flow

Analytical studies of previously reporbted heat-transfer data obtained
with a 2:1 ligament-ratioc spacing and inlet screens are continuing bhased
on complete transverse mixing of the gas stream. The results indicate
that a flow asymmetry exists that arises in the entrance to the cluster.
In the upstream portion of the cluster, diminished Tlow in the inner
region of the channel exists, which is followed by flow redistribution
between the inner and outer regions. Both of these effects are largely
wiped out by the mid-cluster spacer. A comparison was made of these data
with data from experiments using a 4:1 ligament-ratio spacing and experi-
ments using a 2:1 ligament~ratio spacing without screens. The results
indicate that for the y = 2 arrangements, the mid-cluster spacer effectively
eliminates flow vagaries introduced at the channel inlet. Heat-~transfer
coefficients of the y = 4 arrangement are, in general, lower than those of
the y = 2 arrangements.

Recent mass~-transfer experiments indicated that the mass-transfer
fTactors approached a higher asymptotic value in the downstream section of
the tube cluster than in the upstream region. 1In order to investigatbe

this further, a run was made with naphthalene covering the entire rod so
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that mass removal would be effected simultaneously on both halves of the
rod. The results of this double run agree quite closely with the earlier
data, negating the possibility of geometrical or operational variations
during the previous runs. The study of this phenomenon is being continued.

The accumulation of data for delineating the velocity field in the
downstream element of two EGCR clusters has been continued using three
similar experimental assemblies. Comparable data from the different
systems agree, in general, as to the profile shape, with slight deviations
in magnitude that probably result from the slight geometrical differences.
Flow variations introduced by the splders are clearly discernable; in con~
trast, the spacers appear to have much less influence on the gross flow.
Fxperiments to provide similar characterization of the flow at positions
far removed from the spiders and spacers are in progress.

An experimental program has been initiated in an effort to establish
the magnitude of intra- and intercluster mixing. The experimental tech-
nique consists of injecting a small amount of a tracer gas at a given
point in the flow channel and measuring concentrations of this tracer gas
at various sampling points downstream. Using air as the flowing gas and
helium as the tracer gas, preliminary data show a prevalence of radial
mixing with very little circuwmferential mixing. These preliminary data
do not indicate any gross mixing due to spiders or spacers. =Experimenta-
tion 1s continuing using improved equipment to obtain more detailed trav-

erses.

Part 2. Materials Research and Testing

5. Materials Development

The conditions for fabrication of U0, specimens with controlled grain
sizes Tor use in various experiments are being established. Grain growth
of U0, is inhibited by sintering in argon. The final grain size is only
one Tifth as large as that obtained during sintering in hydrogen.

Several modifications were made to the apparatus being developed Tor
measuring the thermal conductivity of UO,. The coefficient of thermal

conductivity of INOR-8 alloy was then measured at temperatures up to 700°C

xii



with a precision of *1%. The measurement of bulk density of fragments and
particles of U0, by an embedment technique using Castoglas resin shows
promise of assisting in the evaluation of broken pellets from irradiated
capsules.

A comparison of data from Chalk River on fission~-gas release from
U0, with ORNL data on duplicate specimens shows poor correlation, except
for specimens with high BET surface areas. Data obtained at ORNL were
for larger samples and, in general, agreed with the theoretical data for
release by diffusion. It appears that the BET surface area is indicative
of the fission-gas-retention properties of U0, up to temperatures at which
structural changes occur.

Rates of fission-gas release from a fine-grained dispersion of U0, in
BeO were measured at temperatures of 1200 to 1800°C. Up to temperatures of
1400°C, the calculated D/ values compare favorably with those of high-
density UO;. The release-rate parameters were also determined for a fueled-
graphite body prepared by the National Carbon Company, designated as TS-
160 mix, that consisted of UC, dispersed in graphite.

Fine~grained dispersions of UD; plus ThO, in BeO were fabricated for
use in high-temperature irradiation experiments. Three phases — Be(C, a
ThO,~-U0, solid soclution, and a small amount of free U0, — were identified
in the structure of the as-Tabricated material. In addition, techniques
were developed for the fabrication of large-particle dispersions of UQ,
in BeO by matching the shrinkage of the two starting materials.

Several commercial binder materials considered for use in graphite
fabrication were found to have adverse reactions with UC. Other specimens
wvere prepared by wet mixing with a solution of uranyl nitrate, which, when
fired, developed good physical properties. The fabriecation of graphite
fueled with coated and uncoated particles of UC, was also studied. Fuel
particles consisting of UC,; coated with pyrolytic graphite showed very
promising results.

The cause of cracking in arc-cast UC cylinders has been determined
to be the result of rapid cocling. Modifications in melting practice de-
signed to reduce the cooling rate have eliminated internal cracking in all

but the larger diameter cylinders. Large cylinders of UC cast in graphite
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molds exhibited evidence of considerably slower cooling rates than similar
cylinders cast in copper molds and showed only slight internal cracking.

The loss of material Trom UC during high-temperature sintering was
studied by means of a mass spectrometer. Ton species identified included
only U+, UO+, and U02+, indicating that oxide phases present as impurities
may be responsible for loss of material.

The oxidation resistance of uncoated and siliconized S5iC-coated graph-
ite samples was determined. The coating is completely protective on type
9015 graphite, a relatively isotropic grade. However, on type 580 graphite
the coating cracks badly as a result of anlsotropic contraction and is
only partially protective. The thickness of SiC coating on EGCR support
sleeves was measured by an eddy~current technique to be 0.030 to 0.060 in.
The mechanical properties of several commercial high~density grades of
graphite were determined as part of an evaluation program.

The grain growth of type 304 stainless steel tubing during brazing
of spacers at 2150°F was previously shown to promote premature failure in
tube~burst tests. The substitution of copper, which is brazed at 2020°F,
has resulted in much less grain growth. The effects of the copper braze
on the stress~-rupture properties of the tubing are being studied.

Thermal cycling of simulated EGCR fuel elements was found to cause
axial elongation of the cladding in those elements having no diametral gap
between the cladding and fuel pellets, This elongation is affected by the
external pressure and the temperature and frequency of the cycles. A
mathematical relationship between the axial strain and the cladding tem-
perature was developed.

The oxidation of type 304 stainless steel in low concentrations of
CO-CO, mixtures in helium has been found to be insignificant below 1200°F,
while above this temperature the oxidation rates are dependent on tempera-~
ture but independent of the total content or the ratios of CO and CO,.
Activation energies were calculated to be 32 200 cal/mole Tor temperatures
up to 1525°F and 6400 cal/mole above this temperature. The change in the
reactivity can be correlated with the formation of different reaction

products.
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Carburization of type 304 stainless steel was found to depend upon
the temperature, the C0,/CO ratlo, and the reaction time. Nonequilibrium
carbon contents were evident in 0.002-in. foils after exposures of 200 hr
and in 0.020-in.~thick sheet after 800~hr exposures. Carburization did
not occur at temperatures below 1200°F.

Improved methods are being developed for fabricating in-pile cap-
sules and instrumented fuel assemblies containing thermocouple wells and
tungsten~-rhenium thermocouples. The use of stranded tungsten wire is being
studied as a means of improving the integrity of such thermocouples, Teche
niques for attaching sheathed Chromel-Alumel thermocouples to stainless
steel tubing also are being investigated.

High-temperature mechanical properties of ferritic steel-to-stainless
steel welds were determined. All specimens failed in the base material.
Thermal-cycling studies of these welds are being conducted.

Defects as small as 1/8 in. in diameter in V-groove welds on EGCR
loop through tubes can be detected by a through-transmission ultrasonic
technique. Lack-of~fusion areas that were undetected by visual and radio-
graphic inspection have been found by this technique and confirmed by
metallographic examination.

The oxidation rates of extruded or hot-pressed beryllium in CO; have
been found to compare favorably with previous data on beryllium powder.
The "break-away' phenomenon reported between beryllium and wet CO, was not
observed in the presence of water vapor alone. The experimental results
indicate that the presence of BeyC is a requirement for the accelerated
oxidation of beryllium.

Metallographic examination of surface cracks and internal pits de~
tected in beryllium tubing from Pechiney showed the cracks to be as much
as 0.003 in. deep and the pits to be 0.003 to 0.004 in. deep.

Welding and brazing studies on beryllium have been continued with
emphasis on end closures of tubes. The influences of the welding process
and type of material on the final grain size have been studied, and
methods that yield a small grain size have been developed.

Approximately 150 tube~burst specimens of beryllium have been suc-

cessfully fabricated, with a rejection rate of about 10%. These specimens
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are being used to determine the mechanical properties of tubing from
various commercial sources. Preliminary stress-rupture data show that
tubing machined from hot-pressed block has the highest strength and lowest

ductility of the eight different types tested.

6. In~Pile Testing of Components and Materials

Irradiation of 14 prototype EGCR fuel capsules in the ETR and the
eight group LIl capsules in the ORR has continued. ‘The series of irradia-~
tions in the LITR of U0, specimens for fission-gas-release experiments
was completed. Irradiations of small specimens of BeO-ThO,~U0, and UC were
initiated. Irradiation of the second graphite-encapsulated test element
fueled with a UC,-graphite matrix was completed.

Postirradiation examinations of LITR~irradiated specimens have con-
tinued. Information on the effect of ilrradiation on density and grain
growth is beling collected.

The nondestructive examinations of the ORR~irradiated group T1 cap-
sules were completed. Gamma scans and cladding profile measurements were
made, The activity plots showed quite uniform burnup along the length of
the capsules. The diameters decreased, but the change was less than 1%.
The cladding collapsed around the pellets in most of the capsules, Varia-
tions from straightness were a minimum for the capsules with hollow pellets
tested at 1300°F and increased with temperature.

The thin-plate U0, sample that had been used as the source for ine-
stantaneous fission-gas-~release experiments was examined. This plate had
been oxidized during irradiation by trace guantities of oxygen in the
sweep gas and then reduced by adding hydrogen. When the capsule was opened,
the U0y was found To be in granules 0.050 in., in diameter or smaller. Such
fragmentation is not characteristic of irradiated U0, and can probably be
attributed to the reduction reaction.

A sample of high-density U0, clad in low-permeability graphite coated
with pyrolytic carbon was irradiated to evaluate the effectiveness of the
carbon coated graphite in retaining fission gases. Since the release of

fission gases was about the same as for unclad U0,, it was concluded that

the cladding was probably broken. The sample has been removed for examination.
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Since the properties of U0, fuel elements are sensitive to the oxygen~
to~uranium ratio, technigues for determining the ratio in irradiated ma-
terial are being developed. Thermogravimetric and polarographic methods
are being studied.

A capsule containing two Si-5iC coated graphite-canned UO; cyclinders
has been removed from the ORR closed-cycle loop for examination. There
was evidence of fission-gas release during the last thermal cycle. Two
UQ, samples canned in uncoated low-permeability graphite that had been
irradiated for 1000 hr at 1800°F were also withdrawn. Out-of-pile tests
of enriched UC, dispersed in graphite and canned in Si-8iC coated graphite
have shown no weight or density changes.

Equipment for irradiating pressure vessel steels in the ORR has been
completed.

The second high-temperature experiment for studying the irradiation-
induced swelling of beryllium was completed. OSpecimens were irradlated
at 500, 600, and 700°C to a neutron dose of 1.4 x 1020 neutrons/cm?®. The
extent of swelling was smaller than the experimental error in the measure-
ment. Postirradiation bend testes indicated that the mechanical properties
were uvnaffected. Bend tests on samples from an irradiated specimen exposed
at 120°F to a dose of 6 x 10?° neutrons/cm? indicated that extensive em-
brittlement occurred. Hot-extruded specimens showed the most severe ef-
fect. A third experiment 1s under way.

In-pile tube-burst-type stress-rupture tests of type 304 stainless
steel have shown that at 1500°F neutron bombardment reduces the rupture
strength by about 1500 psi in the stress range studied, i.e., 3000 to
6300 psi.

7. Out~of-Pile Testing of Materials and Components

A fourth test of graphite and structural materials in flowing helium
containing controlled amounts of CO, and CO was completed. The maximum
temperature of the loop was 1100°F, and the cooled section was at 500°F.
The steel specimens that contained less than 7% chromium gained appreciable
welght and had relatively heavy, poorly adherent oxide films. In con-

trast, the steel specimens that contained 7% or more chromium had relatively
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thin, extremely adherent oxide ilms and showed minor increases in weight.
A type 304 stainless steel tube that was suspended in the loop and was
independently heated to 1500°F had a somewhat heavier bubt equally protec-
tive oxide film.

Tests are being carried out on a small-scale model of the EGCR purifi-
cation system Tor determining the effectiveness of the system in removing
gaseous impurities from circulating helium. Preliminary results indicate
that hydrogen, carbon monoxide, and the methane can be satisfactorily re-
moved by oxidation in a catalytic converter. The gaseous oxygen added up-
stream of the converter is essentlally completely removed by passage over
the platinum catalyst bed. Removal of CO, and H,0 by use of molecular-
sieve and silicaw-gel adsorber beds, respectively, has also been success-
fully demonstrated.

Experimental studies of the degassing behavior of selected grades of
graphite have been continued. Results of tests of a series of graphite
samples prepared from needle coke by the Speer Carbon Co. have indicated
that variations in the particle-size distribution in the coke mix do not
have a significant effect on the gas content of the graphite. Other vari=-
ables of the manufacturing process appear to be more important. Plots of
the volume of gas evolved versus the log of time have shown that at 600°C
the relationship is linear, but at 1000°C the slopes of essentially linear
portions of the curves differ. The data suggest that different processes
of gas evolution exist during the early and latter parts of the degassing
period. The composition of the evolved gas changes in that the relative
concentration of hydrogen increases and the CO + CO, concentration de-
creases.

A series of room~temperature permeability determinations were made on
a typlcal EGCR~moderator grapnite block. The data obtained showed con-
siderable variation even in the same block of graphite. Apparatus for ob-
taining permeability data for graphite having permeabilities in the range
10™%* to 107° cm?®/sec has been constructed.

Means for the removal of radioactive iodine vapor from high-tewperature
helium streams are being studied. Initial results on the use of Pittsburgh

BPL, activated charcoal or silver-plated copper ribbon for iodine-vapor
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removal indicate that the silver-bearing material. is the more promising
for use at high temperatures under EGCR conditions.

Investigations of adsorbers for radiocactive krypton and xenon were
continued. Effective diffusion coefficients were evaluated for krypton
in PCB charcoal at 0, 25, and 60°C. Static adsorption coefficients were
compared with dynamic coefficlents, and good agreement was noted. The
heating that occurs upon pressurization of adsorbers and krypton holdup
by Linde molecular sieves partially saturated with water or carbon dioxide
were also studied.

Further study of the negative emf drifts experienced with Chromel-P
in sbagnant helium at 1000°C has indicated that the principal mechanism
involved is the selective oxidation of chromium in the thermal-gradient
region (800~900°C). Also traces of carbon oxides may be partly responsible
for the emf drifts. Metallographic studies of sections of wire from the
thermal-gradient region showed gradual increases in depth of inbtergranular
oxidation of chromium with increases in time at temperature. Portions of
the wires outside the thermal gradient experienced only nonselective
surface oxidation.

Theoretical calculations from thermodynamic data indicate that it
should be possible to selectively oxidize chromium in Chromel-P with a
mixture of water vapor in hydrogen. Attempts are being made to correlate
thermal emf drift data with controlled selective oxidation.

Preliminary experiments over a seven-week pericd indicated that Chromel-
PiAlumel thermocouples sheathed in type 304 stainless steel were showing a
negative emf drift while exposed to a graphite-helium atmosphere at 870°C.
Thermocouples sheathed with type 310 stainless steel did not show a negative
drift. It seems possible that the atmosphere was responsible for the drift,
since controls of both types showed only slight positive drifts when ex-
posed to the same thermal history but open to air. Further experiments

are necessary vefore understanding the cause of the emf drifts,

g. Development of Test Loops and Components

Work continued on the design of the EGCR in-pile loops. The Title T

design is to be completed and the preliminary hazards report is to he
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prepared, although completion of loop installation is to be deferred until
at least July 1, 1965. Title I1 design of the upper and lower nozzle tee
sections, the upper and lower horizontal piping chases, and the necessary
chases for cooling ducts will be completed in order to make the required
minimum provisions in the present EGCR construction.

Construction work continued on GCR-ORR loop No. 2. The evaporator,
condenser, and heater components of the heat transfer system were subjected
to performance tests., Criteria were prepared for the design of a gas-
sampling station.

Electrical breakdown tests were made of heaters and a microswitch
proposed for use in BEGCR loops and ORR loop No. 2 in order to establish
operating characteristics. A ball valve with a Limitorgue operator for
use in the EGCR was tested in a furnace at approximately 1000°F. During
these tests in which performance of the valve was unsatisfactory, the volume
between the valve stem packing and the bellows seal was at the same pressure
as that in the valve. It was learned later that the valve was designed to
operate with 1000~psig internal pressure and no bellows backup pressure.

The valve has been returned to the manufacturer for repair.

Three 5~in.-IPS, double-seal, gas~buffered Conoseal joints and two
t~in.-IP3, double-seal, gas~buffered Grayloc joints were tested during the
quarter. Efforts are being wmade to improve the performance of these units.

The two regenerative compressors that were installed in the twin-
turbine vessel of ORR loop Wo. 1 have operated satisfactorily for approxi-
mately 1000 hr. Further difficulties with bearing whirl have occurred at
the Bristol Siddeley plant where compressors with gas~lubricated bearings
are being fabricated. The application of hydrodynamic bearing theory to
these problems was studied further.

The study of back diffusion through labyrinth-~type seals was completed.
The numerous tests Tailed to show any evidence of water~vapor back diffusion

into the gas chamber.
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1. PEBBLE-BED REACTCR STUDIES

(A. P. Fraas, R. S. Carlsmith, J. M. Corum,

J. Foster, B. L. Greenstreet, W. 0. Harms,

T. Hikido, R. B. Korsmeyer, J. W. Michel,

S. B. Moore, M. L. Myers, M. N. Ozisik,

A. M. Perry, M. W. Rosenthal, J. C. Suddath,
M. M. Yarosh)

Sanderson & Porter have carried out a series of studies over the
past four years which indicate that a pebble-bed reactor could be de-
veloped to produce low-cost power.t>? At the request of the AEC, two
design studies have been carried out at ORNL. The first was a preliminary
design of a pebble-~bed reactor experiment (PBRE) for the purpose of es-
tablishing design objectives that would most effectively demonstrate the
feasibility of this reactor system and of estimating the research and
development required in support of the experiment.3 The second was a
design study of a large-scale plant (PBR) following the general approach
in the Ten-Year Program studies.* The highlights of these two studies

are presented here.

The Pebble-Bed Reactor Experliment

Design Precepts

The following set of precepts was established as a basis for evolving
the design:

1. The major objectives of the 10-Mw PBRE should be to study the
structural stability and Tission-product retention characteristiecs of

fueled-graphite spheres, to study the deposition of fission-product

1"Design and Feasibility Study of a Pebble Bed Reactor-Steam Power
Plant, " S&P-1963, May 1, 1958.

2"pebble-Bed Reactor Program Progress Report, NY0-2373, June 1959.

3'"preliminary Design of a 10-Mw(t) Pebble-Bed Reactor Experiment,"
ORNL CF-60-10-63, November 1, 1960.

4p. P. Fraas et al., "Design Study of a Pebble-Bed Reactor Power
Plant,"” ORNL CF-60-12-5, December 15, 1960.



activity throughout the system, to develop means of dealing with problems
vosed by this activity (e.g., gas leaks, equipment decontamination for
maintenance, etc.), and to develop a suitable fuel-handling system.

2. The design should not be compromised by requirements for tests
not concerned with the pebble~bed concept.

3. The size of the fuel spheres, the core power density, the opera-
ting temperatures, the temperature distribution, and the pebble hed height
should be the same as for a full-scale core.

4. 1In order to simplify the system and cut costs, the PBRE should
not include a thorium blanket.

5. The fuel-handling system requirements should be studied and se-
lected to provide Tor one of the following: charging at full power,
charging at zero power but full pressure and temperature, or charging at
zero power, atmospheric pressure, and the temperatures characteristic of
full-power operation.

6. A fast gas-system pumpdown (not more than 1 hr) should be pos-
sible to reduce hazards in the event a small leak developed suddenly.

7. The fuel elements should be of a type shown by in-pile testing
to give a fission-product release rate of less than 107% times the rate
of fission-product generation at full power.

8. Provisions for coping with the fission products released should
inelude means for handling the isotopes characteristically released from
U0, and those to be expeclted from UC and UC, fuels.

9. The gas system configuration should give satisfactory removal of
afterheat by thermal convection if practicable.

10. The means for coping with differential thermal expansion in the
system configuration should be consistent with means that would be suit-
able for a full-scale plant.

11. The moving parts of the blowers should be replaceable.

12. Provisions should be made to permit decontamination of the
blowers and the fuel-handling system before the initiation of mainte-
nance work. These should include means for hydraulically isoclating the
component affected to permit spraying or flooding il with a cleaning solu-

tion.



13. Provisions for maintenance of the main heat exchanger need to
include only access to tube headers outside the shield to permit plugging
of a leaky tube and an access opening in the pressure vessel for inspection
with a periscope or TV camera and removal of samples.

14. The fuel-handling system should be designed to permit clearing
a region of Jammed balls.

15, The graphite core structure should be accessible for inspection
and maintenance. If possible, parts in the high fast-neubron flux region
should be replaceable, preferably through an access opening about 2 ft in
diameter.

16. The temperature of the structural envelope should not exceed
650°F.

17. Full pressure containment should be provided.

Reactor Core Geometry Considerations

Two types of reactor core were considered: a short, squal, cylinder
30 in. in diameter and 30 in. high and a tall, thin, cylinder 18 in. in
diameter and 8 ft high. Both cores would require a 3-ft-thick graphite
reflector.

The most important design requirements were that the core should give
a power density and a temperature distribution similar to those of a full-
scele reactor. The gas inlet temperature should be roughly 550°F to give
as high a gas temperature as 1s compatible with type SA-212, grade B,
pressure vessel steel, and the reactor gas outlet temperature should be
at least 1250°F to give significant improvement over the outlet tempera-
ture obtainable with stainless steel-clad U0, fuel elements. The required
gas temperature rise would be asscciated with peak fuel surface and internal
temperatures of approximately 1800 and 2200°F, respectively, for the tall,
thin core, as compared with corresponding values of 2600 and 3000°F for
the short, squat core. In view of the likelihood that the fuel spheres
would be damaged by temperatures above 2200°F, it appeared that the short,
squat core was less desirable than the tall, thin core. This and other
considerations led to the choice of the tall, thin core for the design

of the experiment.



Sanderson & Porter have considered both upflow and downflow cores.
Downflow cores have the advantage of not requiring a structure over the
top of the bed to hold the balls in place at the gas flow rates required
for power densities above 15 w/cm3. However, the problems of material
strength under heavy loads and the difference in thermal expansion be-
tween graphite and steel in a core support structure subjected to the
reactor exit gas temperature render the design difficult. An upflow core
was therefore chosen with the realization that the experiment would have
to be limited to low-power~density operation if a suitable core top
restraint could not be designed. The upflow core has the advantage that
it provides for the removal of afterheat by natural thermal convection

in the event of blower failure.

Proposed Reactor Design

The design of the proposed reactor experiment is shown in Fig. 1.1.
The control rods are curved Inconel plates that slide in an annulus be-
tween the intermediate and outer graphite portions of the reflector.

The blades are so effective in polsoning the reactor that a thickness

cof only 0.062 in. will suffice. For strength, however, thicker, per-
forated blades surrounded by a tubular frame are used. The rods operate
through an annulus provided between the shield plug and the top reactor
access tube. A small pressure vessel attached to the top flange of this
access tube houses each control rod drive assembly.

The reactor pressure vessel is cylindrical, with hemispherical heads,
and is made of type SA-212, grade B, carbon steel. There is a 28-in.-i.d.
vertical access tube in the center of each head. The steam generator is
attached to the side of the pressure vessel in such a way that its base
also serves as a major mounbing foot for the support of the reactor-steam
generator assembly. The reactor, steam generator, and blower assembly
are supported on a 3-point suspension. In addition to the fixed foot
under the steam generator, a foot is located under each of the two blowers.
Thus the ducts to the blowers also serve as elements of the reactor
vessel support structure. To increase their stiffness they are larger

in diameter than is required by fluid pressure drop considerations,
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and their wall thickness is double that required to withstand the in-
ternal pressure. Vertical splitter webs have been provided through the
ducts at the blowers to transmit the load in shear from the horizontal
to the diagonal duct. The blowers are mounted on rollers to accommodate
thermal expansion.

The unfavorable surface-to-volume ratio in & small power reactor
makes pressure-vessel cooling somewhat more of a problem than it would
be in a full-scale plant. About 10% of the blower output bypasses the
core to cool the pressure vessel, thermal shield, and steam-generator
pressure vessel. The bypass stream provides forced flow of cooling gas

around these pressure vessels at essentially reactor inlet temperature.

Proposed Plant

The reactor was designed to produce a gross thermal cutput of 10 Mw.
Although the addition of a turbine-generator to produce & gross electrical
output of about 3 Mw was considered, the cost of the addition appeared
to be prohibitive, since the plant is primarily an experiment. The basic

design data of the plant follow:

Over-all Power Generation Data

Reactor thermal output, Btu/hr 34.1 x 109
Reactor thermal output, Mw 10
Gross electrical output, Mw 3

Fuel Element Characteristics

Sphere outside diameter, in. 1.5
Sphere thermal stress (for ideal 2500
rigid body), psi

Sphere surface, t2/ft3 of fuel 48
Sphere surface, ft?/reactor (39% 418
voidage assumed)

Sphere average surface tempera- ~1200
ture, °F

Sphere maximum allowable internal 2200
temperature (including hot

spots), °F



Number of spheres per reactor (39%
voidage assumed)

Average power density in core,
w/cm

Average surface heat flux,
Btu/hr. £t2

Reactor Core Material and Dimensions

Material

Core height, ft

Core diameter, ft

Core face area, ft?

Height of core plus reflector, ft
Diameter of core plus reflector, ft
Machined weight of graphite, tons
Core density, g/cm3

Total graphite volume, T3

Number of fuel channels

Number of fuel charge tubes

Pressure Vessel Dimensions

Shape
Outside diameter, ft

Material

Vessel height, £t
Thickness, in.

Working pressure, psig
Design stress, psi
Maximum temperature, °F
Volume, ft3

Gross vessel weight (including vessel
and core supports, thermal barriers,
nozzles, steam generator, and in-
sulation), 1b

8500

25

81 500

Graphite
8.1

1.5

1.77

14

7.5

32

1

600

Cylinder
9.25

Type SA-212, grade

B, steel
25

3.25
1000

15 000
600

1300

~200 000



Coclant Characteristics

Gas Helium
Working pressure, psia 1000
Total flow (normal), 1b/sec 12.0
Reactor inlet temperature, °F 550
Reactor outlet temperature, °F 1250
Number of iInlet pipes 2
Number of outlet pipes 1
Inside diameter of pipe, It 1
Mean coolant velocity in cool 20.7
pipe, ft/sec
Mean coolant velocity in hot 71
pipe, ft/sec
Total volume occupied by coolant, 950
i3
Circuit pressure drop, psi 30
Specific heat capacity of 1.24

coolant, Btu/lb:°F

Coolant Blowers

Type Centrifugal
Number per reactor 2

Adiabatic efficiency, % 70
Compressor power, Bhp 127

Power, kw (at 90% motor efficiency 150 each

and 70% adiabatic efficiency)

Blower drive motor power, Bhp 182 each

Steam Generator

Type of generator Natural recir-
culation

Number per reactor 1
Number of steam generator sections

Shell height between heads, Tt 43
Shell height including heads, ft 45
Shell inside diameter, It 2



Shell thickness, in. 1
Gas inlet inside diameter, ft 0.75

A plan view of the plant is shown in Fig. 1.2, and an elevation
through the containment vessel and building is shown in Fig. 1.3. The
reactor area is enclosed in a hermetically sealed contaimment shell that
is approximately 80 ft in diameter and 200 ft high, the bottom of which
is located 104 Tt below ground, bringing the top of the reactor pressure
vessel about 10 ft below ground level. The cooling gas, helium, cir-
culates in two parallel loops placed 120 deg apart from the heat exchanger.
Above each of the blowers there is a removable floor panel for mainte-
nance access. A small covered shaft is located between the blower panels
to provide access for raising spent fuel, suitably contained in shielded
caskets, to the ground floor for transportation to reprocessing facilities.
In the service canyon directly under the reactor there is a ram and drive
assembly that is capable of reaching up to remove the shield plug, elements
of the fuel-handling mechanism, the graphite sleeve asseublies surrounding
the core, and other components. On the west side of the service canyon
is a room for storing and cooling spent fuel as it comes cut of the fuel-
unloading tube. After appropriate cooling the fuel is loaded by remote
means into shielded casks and withdrawn for transportation to reprocessing
facilities.

Since the helilum circulation system is designed to operate at pres-
sures as high as 1000 psi and is subject to fission-product contamination,
its leaktightness is essential. All connections in the high-temperature
region are welded, and mechanical closures are provided in regions of low
enough temperature to permit the use of elastomeric gaskets, since this
type of seal 1is the only one known to be both reliable and relatively
easily made leaktight. The blower shaft seals, which are similar to those
for the EGCR, are a combination labyrinth and oil pressure-buffered sleeve

seal.

Reactor Physics Considerations

In the full-scale power reactor described by Sanderson & Porter,l
the fuel balls consist of 90.0 wt % graphite, 9.17 wt % ThO,, and

11



0.83 wt % U0,. The average core power density is 23.7 w/cm3, and the
specific power is 3900 kw/kg of uranium. The core burnup is 0.021% of
total atoms.

A 10-Mw reactor experiment cannot, of course, have the same values
for all these parameters as a 350-Mw power reactor. In order to provide
the most meaningful experiment, values were chosen so that the experi-
ment would be the same as the power reactor in core height, core power
density, weight percentage of oxides in the fuel balls, and fraction of
total atoms burned in the fuel. By keeping the power density and core
height the same as for the reference case, the gas flow rate and tempera-
ture distribution approximate those to be found in the full-scale reactor,
and the fuel balls are subjected to the same internal temperature gradients
and thermal stresses. The total oxide content of the fuel balls is the
primary factor in determining thelr physical properties, and the fractional
burnup determines the radiation damage and the fission-product release.

The critical concentrations of U?3°-Th mixtures are shown in Fig.
1.4 for various core diameters and values of thorium-to-uranium atom ratios.
The uranium was assumed to be 93% U?3° angd 7% U238, Equilibrium gquantities
of xenon and samarium were assumed, together with fission products equiva-
lent to 5% y233 burnup. The point in Fig. 1.4 corresponding to a fuel
element containing slightly less thorium than uranium was taken as the

design value. The fuel element parameters of interest are the following:

Composition, weight fraction

Graphite 0.9000
U2320, 0.0513
U2380, 0.0036
ThO, 0.0451
U?3° burnup, % 10
Average fuel residence in 246

core, days

Conversion ratio 0.084

As a consequence of the low total power output and small core diameter,
the PBRE has a much higher ratio of uranium to thorium, a much lower

specific power, and a much lower conversion ratio than the reference

12
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Fig. l.4. Critical Concentrations of U23°-Th Mixture as a Function
of Core Diameter and Total Oxide Countent of the Fuel in the PBRE.

case. For a total burnup in the fuel of 0.10 fission/initial fissile
atom, the reactivity change is 1.17%. The reactivity loss due to equi-
1ibrium xenon poisoning at full power is 2.71% and can rise to a maximum
of 3.60% if the reactor is shut down and then brought to power when the
xenon concentration reaches maximum. Thus the reactivity control needed

for xenon override is 0.89%. The reactivity loss due to equilibrium
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samarium poisoning is 1.16%. Since over 90% of the thermal neutrons ab-
sorbed in the core attain thermal energiegs in the reflector, the moderator
temperature coefficient depends mainly on reflector conditions. The over-

all tewperature coefficient is

o

5 . 0.4 x 1075/°7 .

w1
|
&

Since the dominant contributor to the negative temperature coefficient
is the thorium resonance integral, it follows that the presence of the
thorium in the core is important in providing a stable reactor, as well
as in providing a fuel ball of the desired physical properties.

Control rods in the form of blades which surround the core in a
nearly continuous ring were chosen in preference to conventional rods
in order to avoid scalloping effects on the circumferential power dis-
trivbution when the rods are partially inserted. The various items af-

fecting reactivity are indicated below:

Ak/k
Uranium burnup 0.0058
Bquilibrium xenon 0.0271
Xenon override 0.0089
Samarium 0.0116
Temperature defect 0.0052
Total. 0.0586

A strong reactivity effect 1is noted with comparatively thin layers
of absorber because of the high importance of the reflector region. A
thickness equivalent to 1/16 in. of Tnconel was chosen, giving a total
reactivity control of 0.140 Ak/k from full insertion to full withdrawal.
The maximum control needed in changing from a cold, clean core to a hot,
equilibrium core and maximum xenon is 0.0586, so 0.0814 Ak/k is available
for shutdown margin. When the xenon polsoning is reduced to the equi-
librium value, the control blades are inserted 0.7 ft into the core (equi-
librium burnup distribution), and the blades are inserted to a depth of

2.6 £t Tor a hot, clean core. The position of the blades when the reactor
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first attains criticality (cold, clean core) is insertion to a depth of
4.4 T%,

The power distribution depends on the position of the control blades.
Two cases are shown in Figs. 1.5 and 1.6. The peak power density with the
blades withdrawm is 2.08 times the average; it is 2.38 times the average
for 2.7-ft insertion, and the peak occurs 1 ft below the center of the core
rather than at the center. Flux traverses in the radial direction at the

mid-plane are shown in Fig. 1.7. The prominent peak of the thermal flux
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pressure vessel is directed

up the outer annulus and joins
the hot gas stream at the top.
A number of tube diameter and
spacing arrangenents were ex-
amined, and the data finally
selected are shown in Table 1.1.
The helium and steam character-
istics of the steam generator
are indicated in Fig. 1.9,

In order to permit the
plugging off of defective tubes
without entering the main shield-
ing, all header drums are fitted
with flanged openings and are
outside the primary shielding

but within shielded cubicles.

Ball-Handling System

Every ball-removal system
proposed to date appears to re-
quire some mechanical motion at
the point of ball exit from the
reactor. The arrangement de-
veloped in this study, and shown

in Fig. 1.10, provides a round

ball drain duct from the bottom center of the core. This duct has a

diameter slightly greater than five ball diameters and is fitted with a

round graphite fuel-removal plug equal in height to the core and reflector

support structures.

Removal of fuel is accomplished by retraction of a

ball cutoff gate Jjust inside the ball port and by rctation of the removal

plug.

Balls entering the plug are ducted down the center of the vertical

drive shaft which supports and drives the plug. The drive mechanism is

located outside of the shield where it is accessible for malintenance.
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Fig. 1.7. Radial Flux Traverse at the Reactor Mid-Plane.

The balls removed from the core are guided through the drive shaft
and dropped on a spring-mounted graphite anvil, from which they enter an
inclined tube and flow past a ball-counting and cutoff device. From the
cutoff device the balls enter a gas lock for depressurizing to atmospheric
pressure and discharge to the storage and removal faecilities.

The fresh-fuel-loading device, like the fuel-discharge facility, will
require experimental development. The leoading device at the top of the
reactor includes a single duct extending from the top of the core upward
through the upper plenum, shield plug, and top nozzle closure to a magazine
and drive system. Space allocations between the fuel feed system and the

control rod drives will require careful abtention.

Helivm Cleanup and Equipment Decontamination

The amount of particulate activity to be expected in an all-ceramic gas~-

cooled reactor presents one of the greatest uncertainties in the design.
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In the system proposed, 1% of the gas flow is bypassed through a cleanup
gsystem which should remove most of the reactive volatile and particulate
matter and much of the rare gas from the bypass stream. This, coupled

with the full-flow filter at the top of the reactor, which should remove

Table 1.1. Steam Generator Design Data

Economizer Boiler Superheater Total
Flow scheme Axial counterflow gas outside tubes
Tube oubtside diamebter, in. 1.0 1.0 1.0
Tube inside diameter, in. 0.875 0.875 0.875
Number of tubes 195
Tube arrangement and spacing Equilateral spacing on 1.375-in.
centers
Shell side area, ft2 335 841 483 1660
tralght height of section, 6.5 16.5 9.5
£t
Over-all estimated exchanger 45
height, ft
Cas mass velocity, 1b/ft?-sec 9. 44
Gas pressure drop, psi 3
Gas pressure (design), psia 1000
Gas flow, 1b/hr 39 000
Water inlet temperature, °F 500
Steam exit temperature, °F 1000
Net steam flow, 1b/hr 33 500
Steam exit pressure, psia 1000
Log mean temperature 46.6 183.7 356.8
differential, °F
Hest load, Btu/hr 1.84 x 106 21.77 x 10° 10.49 x 10° 34,1 x 10°
Percentage of total heat 5.4 63.8 30.8
load
Gas=-side heat transfer 150
coefficient, Btu/hr-ft?.°F
Tube-side heat transfer 700 5000 160
coefficient, Btu/hr.ft?.°F (assumed ) (average)
Heat flux, Btu/hr-£t? 5500 25 900 21 700

{outside area)

Over-all heat transfer 118 141 71
coefficient, Btu/hr.ft?-°F
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Fig. 1.9. Helium and Steam Characteristics of PBRE Steam Cenerator.

particulate matter down to 0.3 u, should keep the level of particulate
activity throughout the system at as low a value as it is practical to
obtain with any given fuel element design.

The helium bypass stream is split, with the greater part cooled to
85°F prior to admission to a charcoal fission-product delay trap. The
other part of the stream is heated to 750°F and passed over copper oxide
to convert hydrocarbons, CO, and hydrogen to CO, and water vapor. The
gas is then cooled and passed through a molecular sieve absorber where
the water vapor and CO, are removed. The clean helium streams from the
molecular sieve and the charcoal trap are combined and rebturned to the
reactor.

The fission products that will contaminate metal surfaces exposed
to the circulating helium include volatile elements, such as iodine,
tellurium, cesium, cerium, and ruthenium, and minor amounts of les

volabile elements, such as barium, strontium, zirconium, and niobium,
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together with their daughters. There will also be daughters of the rare
gases xenon and krypton. Badly contaminated graphite dust may also be
present. The reagent that has been found to be most effective in removing
these fission products and is at the same time noncorrosive to stainless
or plain carbon steel consists of an aqueocus solution of 4% sodium oxalate
with 3% hydrogen peroxide and 0.7% oxalic acid at a pH of 5.0. The pH
tends to rise with time, however, and within 1 hr or less at 95°C in a
steel vessel, rapid decomposition of the peroxide may result. The pH

must therefore be monitored at least every half-hour and adjusted to 4.5
to 5.0 by the addition of oxalic acid.

The component to be decontaminated (such as a blower) will be isolated
hydraulically from the rest of the system, such as by insertion of in-
flatable rubber bladders in the connecting piping, and the contaminated
surfaces will be sprayed or washed with the reagent. When the desired
degree of decontamination has been accomplished, the equipment will be
flushed with water and then drained and dried. Decontamination by this
procedure should reduce the activity by a factor of 50 to 10 000, de-
pending on the initial activity level and the effectiveness with which

all the contaminated surfaces are contacted by the cleaning solution.

Hazards Evaluation

The containment vessel design is based on a postulated rupture of
the primary coolant system that results in oxidation or melting of the
fuel material (maximum credible accident). If allowance is made for
reaction of all the oxygen in the container with graphite, the tempera-
ture and pressure are 20 psig and 700°F, respectively. Melting or oxida-
tion of the fuel was assumed to release 100% of the noble gases, 50% of
the volatile fission products (notably iodine), and 5% of the nonvolatile
products. With leakage of O.4%/day of the container volume at ground
level, the resulting exposure 1000 ft downwind for an inversion condition
would not exceed 25 rem in an 8-hr period.

About 900 curies of fission-product activity was estimated to be
circulating in the primary system at equilibrium conditions, with clean-

up of the helium taken into account. Although the estimate involves
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considerable uncertainty, the calculated release rate from the primary
system at an assumed helium leakage of 0.1% of the system volume per day
(and its disposal from the containment shell) is low enocugh that a hundred-
fold increase would be required to exceed the meximum permissible concen-
tration. Natural circulation appears to be adequate for cooling the fuel
in the event of simultaneocus bhlower failures, so long as the helium pres-

sure does not fall much below 900 psi.

Regearch and Development Progranm

In service, the fuel balls will be subjected to impact loads during
charging and unloading operations, compressive loads primarily Irom thermal
expansion between the fuel bed and the core wall, abrasive actions, thermal
stresses, oxidation by impurities in the helium, and radiation damage from
voth neutron and fission-fragment bombardment. Under these conditions the
balls must maintain structural integrity, must retain a large portion of
the fission products generated, and must not self-weld to adjacent spheres.
The data on the abllity of the fueled-graphite matrix to withstand the
mechanical and thermal stresses are encouraging, although not extensive.
Self-welding is a problem only in the case of sgiliconized silicon carbilde-
coated spheres, and then only al surface temperatures well above the
currently anticipated maximum of 18C0°F. Additional tests are required,
however, to define mcre clearly the temperature, time, and contact pres-
sure under which self-welding will occur. The major uncertainty at present
is the fission-product release at high temperatures and high burnups. The
one in-pile experiment (at Battelle Memorial Institute) completed thus far
that has involved high burnup showed progressive fission-product release
with exposure and thus indicated failure of the Al,;03 particle coatings.
The data from this experiment are shown in Fig. 1.11l. The rate of fission-
gas release as a function of temperature and burnmup will need to be deter-
mined not only for Al,0z-coated UQ, particles but also for BeO-coated UO,
and pyrolytic-carbon-coated UC,, all dispersed in a graphite matrix.

Information is needed with respect to the oxidation of grapvhite by
impurity gases, primarily CO, and H,0, in the coolant stream. The rates

of these reactlons are complex functions of {emperature, pressure, gas
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flow rate, gas composition, graphite characteristics, and vrobably
radiation. The need for an oxidation-resistant surface coating must

be carefully assessed because the temperatures required to apply Si-SiC,
the most promising ccating for this purpose, would preclude the use of

A1;03- or BeO-coated UO, as the fuel particles. At the 3500 to 3600°F
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coating-application temperature, both of these compounds react excessively
with graphite.

Comprehensive evaluation tests of ball fabrication are required to
establish the ranges of process variables, since such properties as thermal
conductivity, thermal expansion, impact and abrasion resistance, and di-
mensional stability under irradiation can be expected to vary with type and
quantity of filler and binder, baking cycle, and temperature used in fabri-
cation.

Matching the gas flow distribution to the power distribution will
probably require both model and full-scale tests. If the radial gas Tlow
distribution can be matched reasonably well to the nuclear power distri-
bution, it is important to get some idea of the extent to which radial mix-
ing of the cooling gas will alleviate an excessive gas temperature rise in
a hot-gpot regiomn.

Containment of the helium within the high-pressure system is more than
a routine design problem because (1) there has been little experience with
containment of helium at both high temperature and high pressure, par-
ticularly where closures of one sort or another are involved, and (2) much
more than conventional leaktightness is required because of the contained
radioactivity (including tritium). In order to transport fuel into and
out of the reactor, even at reduced pressure, an elaborate system of
pressure-buffered locks will be required to keep the external contamina-
tion under control. Elagtomeric materials camnot be used because of voth
the high temperature and the high radiation dose rates, and no hard-seated
valves are known which can be operated repeatedly and yet give this degree
of leaktightness, or anywhere near it, especially with gritty materials
paseing over the valve seats. The operating sequence of the locks calls
for a rather intricate system of mechanical or electrical interlocks as
a guarantee against operator error. The operation must be conducted in
sealed chambers, and the spent fuel discharging must be done completely
remotely behind heavy shielding. Finally, the equipment must be suc-
cessfully checked for tightness after each operation.

Along with development of a leaktight fuel transport system it will

be essential to demonstrate that the ball feed mechanism assures proper
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distribution and flow across the core without exceeding the ball jacket
impact limits. The ball-removal mechanism below the core must demonstrate
positive ball movement, adequate ball cooling, and freedom from jamming.
The direct access ©o the blowers assumed in this study is based on
the fission-product release being very small and the possibility of re-
moving activity that lodges in the blower casing by wet decontamination.
It rewains to be demonstrated that the scheme presented for hydraulically
isolating the casings is feagible and that all trash and decontaminating

solution residue can be prevented from leaking into the rest of the system.

The Full-Scale Pebble-Bed Reactor Power Plant

Parametric Analysis of Design Requirements -

There are certain design requirements that must be met in the full-
scale pebble-bed reactor power plant (PBR) irrespective of the type of
core flow chosen. The pressure vessel mist be properly protected against
excessive temperatures, excessive thermal stresses, and fast neutrons.
The latter requirement is best satisfied by employing a reflector having
a thickness equivalent to approximately 3 ft of graphite. Vessel tem-
peratures and thermal stresses can be kept to reasonable values by thermally
isolating the reflector from the vessel with thermal insulation and pro-
viding for gas cooling of the interior surface of the vessel., It is also
important to inhibit gamma-ray heating of the pressure vessel by adsorbing
the low-energy neutron leakage from the reflector in a layer of material
such as steel or borated graphite. The latter appears to be the more
promising for this application.

Since irradiation shrinkage cracking will probably limit the life
of graphite components exposed to a high fast-neutron flux gradient,
graphite so exposed must be designed for replacement. The machined
graphite blocks surrounding the vertical sides of Gthe PBR core are there-
fore protected with a layer of unfueled graphite balls that are fed through
the core in mach the same way as the fuel. They are smaller than the
fuel balls to avoid excessive gas bypass Tlow through this region. The

thickness of the layer of unfueled graphite balls required to protect
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the fixed graphite is about 1.0 ft. If the fuel charging 1s carried

out in other than batch operations, unfueled graphite balls should not
be used to line the reflector at the top and bottom of the reactor.

Thus this graphite 1s designed to be replaceable with special equipment
through suitable access tubes. The supports for the top reflector pass
through the vessel liner and over the hot-gas plenum for anchorage to the
pressure vessel. The guide tubes for the contrel rods are also exposed
to an intense fast-neutron flux and hence are likewise designed Tor easy
replacement, probably on a preventive-maintenance schedule. Cracking of
the control rod guide tubes could not be tolerated because control rod
operation would be adversely affected.

Reactor core size and shape are influenced by reactor physics con-
siderations in several respects. Probably the most important of these
are the effects of core geometry on conversion ratio and consequently
on fuel cycle costs. Typical values illustrating these effects are shown
in Fig. 1.12, which presents data® Tor a generalized series of graphite-
uranium carbilde cores surrounded by graphite-thorium carbide blankets.

In preparing Fig. 1l.12 it was assumed that the mumber of fissionable
atoms in the fuel should not be allowed to drop to less than 80% of the
initial number of fissionable atoms in order to keep the hot-spot problem
within reasonable limits. Figure 1.12 implies that, for the 0.39 void
fraction characteristic of pebble-bed reactors, the core diameter should
be at least 14 Tt to give reasonable fuel cycle costs.

The neutron leakage from a core varies with the length-to-diameter
ratio for a constant power density. ZFor a bare reactor with a cylindrical
core, the minimum neutron leakage loss 1s obtained with a length-to-
diameter ratio of 0.92. The corresponding value for a reflected reactor
would be somewhat lower. This i1g to be compared with a core length-to-
diameter ratio of 0.70 for the maximum core volume that can be installed
in a given-diameter, syherical, pressure vessel. Thus for both good

neutron economy (and low fuel cycle costs) and minimum pressure vessel

5A. P. Fraas and M. N. Ozisik, "Relative Capibal Charges and Fuel
Cycle Costs for All-Ceramic Gas~Cooled Reactors,” ORNI, CF-60-7-41,
July 20, 1960.
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costs, the core length-to-diameter ratio should be kept between 0.70 and
0.92 if a spherical pressure vessel is to be employed and no other con-
siderations interfere.

A second important factor in the choice of core geocmetry from the
reactor physics standpoint is the power distribution through the core.

If a well-proportioned design is to be obtalned sc that all the fuel is
employed to good advantage, the power distribution should be well matched
to the cooling~gas flow distribution. Since there appears to be no way
of controlling the flow distribution across the face of the pebble-bed
reactor, it is Important that the power distribution be as nearly uniform
as possible. If a thorium blanket is employed in an axial-flow core, the
power density near the core perimeter is so low that a poor gas tempera-
ture distribution at the core outlet is unavoidable. Thus it appears to
be better to employ a thick reflector rather than a thorium blanket. This
has the advantage that, in addition to flattening the power distribution,
it increases the conversion ratio in the core., Even though the over-all
conversion ratio suffers somewhat, the increased cost of fissionable
material is offset by reduced fuel fabrication and reprocessing costs.

The pressure-vessel diameter and thickness can be related to the core
diameter and the system pressure level. Layout studies have shown that at
least 7 £t must be added to the core diameter to obtain the inside diame-
ter for a cylindrical pressure vessel, while about 11.5 ft must be added
to the core diameter to obtain the inside diameter for a spherical vessel.
Actually, the diameter of a spherical pressure vessel varies somewhat
with a given core diameter depending on the core length-to-diameter ratio.
Using the above values and a gas pressure of elther 1000 psi or that given
by an allowable stress of 16 600 psi, whichever was the smaller, the ves~
sel diameter, thickness, and gas system pressures for both spherical and
cylindrical pressure vessels were plotted as a function of core diameter,
ag shown in Fig. 1.13. As a matter of interest, the weights and estimated
costs of these pressure vessels are also plotted in Fig. 1.13, based on
the length of the straight cylindrical portion of the vessel being equal
t0o the diameter. The estimated costs do not include costs for penetra-

tions, intermnal structure, or support structure.
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Fluid Flow and Heat Transfer Relations. Materials considerations

limit the mean gas temperature at the core outlet to a value in the
neighborhood of 1300°F, while good steam-cycle efficiency demands a core
inlet gas temperature of at least 500°F., Previous studies of other types
of gas-cooled reactor® showed that diversion of more than 8 to 10% of the
generated power to gas circulation was uneconomical and that there was
often an incentive to make the diversion even less. For thermodynamic
efficiencies close to 40%, the ratio of pumping power to total heat gen-
eration (W/Q) cannot, therefore, exceed 0.03 to 0.04, and, if the losses
in the external system amount to one-half this, the pumping losses in the
core alone must not exceed 0.015 to 0.02.

The experimental data avallable on thermal conductivity, modulus of
elasticity, and stress to rupture for irradiated fueled graphite are
meager. Figure 1.l4 summarizes the estimated power density and fuel-
ball internal temperature drop as a function of ball size for a limiting
thermal stress of 2000 psi, a thermal conductivity of 8 Btu/hr'f“b2 (°F/ft),
a modulus of elasticity of 1.5 X 108 psi, a value for Poisson's ratio of
0.3, and a coefficient of thermal expansion of 3 x 1078 in./in.-°F. Dashed
lines for the limiting power density as defined by this thermal stress
have been superimposed on the curves of Fig. 1.15.

The paramebric studies of fluid flow and heat transfer were based on
expressions developed in the PBRE studies that relate the power density
and average film temperature drop to the system pressure, the fuel ball
diameter, the temperature rise per unit of core length, and the ratioc of
pumping power to heat removal. The equations were evalusted for the
ranges of variables of interest, and the chart shown in Fig. 1.15 was
prepared to facilitate analysis. It may be seen that the temperature
rise per unit of core length and the power density define both the core
length and the core diameter for any desired reactor power output. The
data presented in Fig. 1.15 can be used for other temperatures, void
fractions, or gases by multiplying by the appropriate factors given in

Fig. 1.16.

6A. M. Perry, "Economic Effects of Gas-Cooled Reactor Parsmeters,”
ORNL CF-59-12-40, December 9, 1959.
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Axial Flow in Reactor Core. In choosing a reactor core that would

conform to the design limitations outlined above, the first step was to
establish the core diameter and length defined by pumping power limita-
tions. For a given system pressure and gas temperature rise through the
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core, the meximum core depth in the direction of flow was then determined
for a given power density, fuel ball size, and ratio of pumping power to
heat removal. Once these conditions were established, the core diameter
depended only on the total heat generation.

The relationship between core height, diameter, and power density is

shown in Fig. 1.17 for various values of the ratio of pumping power to
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heat removal for a total heat output of 850 Mw, & gas temperature rise of
700°F, and a fuel~ball diameter of 1.5 in. It is evident that increasing
power densities lead to low core length-to-diameter ratios, particularly

at low values of the ratio cf pumping power to heat remcval, and that these
are undesirable from the standpoint of neutron economy.

Increasing the fuel-ball dlameter decreases the pumpling power, or per-
mits longer cores for the same power density. Thus the core length-to-
diameter ratio can be increased simply by increasing the ball diameter, as
shown in Fig. 1.18, without adversely affecting the pumping power. The in~
crease in power density obtainable with large fuel balls at a given pumping
power-to-heat removal ratic is limited, however, by the allowable thermal
stress in the balls.

The greater voidage at the core walls permits a considerable fraction
of the gas flow to bypass the fueled bed. Additional bypassing occurs
through the high-voidage regions around the control rod tubes. I[f a layer
of small, unfueled, graphite balls is used to line the reflector, the inter-
face between the fueled and unfueled layers will be free of a high-voidage
region and thus should, in part, offset the bypass flow through such a
buffer layer provided ball movement and distribution can be satisfactorily
controlled. Preliminary estimates indicate that a 1.0-ft-thick layer of
1.25-1n, ~diam unfueled graphite balls around a 20-ft-diam bed of 2.5-in.-
diam fueled balls would permit approximately 14% of the flow to bypass
the core. This requires that the mean gas temperature rise through the
fueled region be increased to 800°F, and this value was used in most subse-
quent studies. While this increases the fuel temperature, it reduces the
core pumping power requirements and eases the fuel bed levitation problem
Tor upflow cores.

The curves of Fig. 1.12 indicate that, from the fuel-cycle-cost stand-
point, the core diameter should be at least 14 ft, while an examination of
fluid flow problems indicates that there is an incentive to increase it to
about 20 ft. TFigure 1.17 shows that these 14-ft- and 20-ft-diam cores
would have lengths of about 12.6 and 10 ft, respectively, and would entail
ratios of pumping power to heat removal of about 0.2 and 0.005, respectively.

Since these twe cores seemed to be representative of those that might be
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used, they were selected for a more detailed study of their characteristics.
The l4-ft-diam core requires a gas system pressure of 1000 psi if the ratio
of pumping power to heat removal is not to exceed the limit of 0.02.

Cores about 20 ft in diameter can be designed for upflow cooling that
will have a pressure drop low enough that bed flotation will not occur. It
has been found that the bed will begin to float at a pressure drop per unit
of length equivalent to 87% of the bed density and that it would be best to

design for a limiting core pressure drop per unit of length of not more than
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80% of the bed density.’ For graphite fuel elements, the bed density
is about 70 lb/ftB, so, for design purposes, the pressure gradient should
be limited to about 56 lb/ftB. Since the pressure gradient depends only
on the gas pressure, gas flow, and fuel-ball diameter, the limiting heat
output per unit of core inlet face area can be expressed in terms of the
fuel~ball diameter and the system pressure for a given gas bLemperature
rise. Figure 1.19 is such a plot prepared from Sanderson & Porter data’
by adjusting for a gas temperature rise of 800°F (550 to 1350°F) instead
of 700°F. As may be seen, the thermal output per unit of core inlet face
area can be determined from Fig. 1.19 without stating the core height,
since that depends on the gas temperature rise and the Tilm temperature
drop at the surface of the balls. The levitation-limited core diameter
for a given total thermal output can be easily determined by using Fig.
1.19. In order to facilitate such estimates, the relationship between
the fuel=ball diameter, the levibation-limited core diameter, and the
helium pressure is shown in Fig. 1.20 for a thermal output of 800 Mw.
For a given core diameter, the core length determines the average power
density and the core leungth-to-diameter ratio. These relations are also
shown in Fig. 1.20, together with a scale for the diameter of spherical
vessels based on the maximum inside diameter Tor the indicated pressure
for a 4-in.-thick shell. The average core power density increases with
the fuel~ball diameter because higher gas flows are required to levitate
beds of larger balls. The internal temperature drop and the thermal
stress in the fuel increases, however, as the square of the ball diameter
(see Fig. 1.14), so the power density is limited by one factor or another
to a relatively low value if the core is designed for upflow without
levitation.

This analysis iIndicates that the principal limitations to be con-~
sidered in settling on a specific value for the diameter of an upflow
core are those imposed by pressure vessel fabricatbion considerations,

flotation of the bed, and thermal stresses in the fuel. For a given

7"Progress Report, Pebble Bed Reactor Program, June 1, 1959 to
September 30, 1960," NY0-9071.
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gas system pressure the fuel~ball diameter reguired to avoid flotation
was calculated as a function of core diameter for an 800°F gas tempera-
ture rise to give the constant-pressure lines of Fig. 1.21. The maxi-
mum core diameter for a 4-in.-thick spherical pressure vessel and a core
length-to-diameter ratio of 0.7 was then determined for each pressure,
and the data were plotted as a dotted line of Fig. 1.2]1 to indicate the
reglon giving pressure vessels less than 4 in. thick. An additional

dotted line showing the limiting fuel~ball diameter as a function of core
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diameter was then plotted based on a peak-to-average vower density ratio
of 2.0, The constant-pressure curves in the region to the right of both
this curve and that for a 4-in,-thick pressure vessel are drawn in solid
form to indicate that this region 1s within the design limits, and the
portions of these curves to the left of the limiting lines are dashed to
indicate that they fall in a region of questionable feasibility.

After study of Fig. 1.21 and similar charts, a 20.7-ft-diam core 12.6
ft high with 2.5-in.-diam fuel spheres and a 700-psi helium system pres-
sure was chosen as a well-proportioned axial upflow core. The length-to-
diameter ratio of this core is somewhat less than that for which Fig. 1.21
was prepared and has the effect of moving the design point to the right
and well into the region for good bed stability. Larger fuel balls might
also have been used, but this seemed undesirable, since larger balls would
increase voth the size of the fuel-handling equipment and the peak in-
ternal temperature in the fuel.

In reviewing these configurations and summarizing, it appears that
a 20.7-Tt~diam upflow core with 2.5-in.-diam balls is definitely prefer-
able to a l4~ft-diam downflow core. The fuel cycle and pressure vessel
costs are lower; the pressure vessel size falls in the region of demon~
strated feasibility; the formidable problems of supporting a downflow
core are avolded; hazards problems are reduced by greatly improved thermal
convection; and, since the pumping power is much lower, the blowers are
smaller, simpler, and more easily maintained.

Radial Flow in Reactor Core. A radial-flow pattern of the type shown

in Fig. 1.22 was also considered in selecting the reactor core. Cooling
gas enters the core axially through a 4~-ft-diam passage at the center of
the core. Graphite tubes housing the control rods are placed around the
perimeter of this inlet passage. The cooling gas flows radially outward
through the 3/4~in.=wide gaps between these 4~in.-diam graphite tubes.
The pebble bed lies in an annulus between the control rod tubes and a
graphite grid at the outer perimeter. The hot gas leaves the reactor
through axial ducts in the ouber portion of this grid. This configura-
tion not only increases the flow passage area for the cooling gas, but

it also reduces the depth of the bed in the cooling-gas flow direction.

s



Unclassified
ORNL-LR=DWG
54492
Zj?fjiz
PERFORATED GRAPHITE . CONTROL RGD GUIDE TUBES
allvas
|2 A
s
L// " —COOLANT QUTLET PASSAGE
~=REFLECTOR

| ~—THERMAL INSULATION
THORIUM BLANKET—<1

| +-—PRESSURE VESSEL
FUELED REGION---——- %

—~COOLING ANNULUS
pe

seala-f#,

COOLANT INLET —— X
PASSAGE

Fig. 1.22. BSections Through an Idealized Radial Cutflow Pebble-Bed
Reactor Showing the Principal Components.

45



One of the important factors in the design of such a core is the
effectiveness of the control rods. The configuration of Fig. 1.22 gives
an adequately effective set of control rods for fuel bed annulus thick-
nesses of up Lo about 4 ft.

Preliminary estimates show that the core pressure drop wibth radial
Tlow is reduced drastically, so the power density is not limited by the
economics of pumping. However, if the diameter of the core is not greater
than for the axial flow reference case (a necessary condition for inclusion
in the same diameter pressure vessel), the power density in the bed itself
must be higher, or the height of the core must be greater for the same
total heat generation because of the central hole. Therefore, the radial
flow concept favors a higher power density and a smaller fuel ball size
than is desirable for the axial flow core. The situation is illustrated
in Fig. 1.23, which gives the mass flow rate at the core inlet face, the
pressure drop through the core (Ap), and the ratio of core pumping power
to heat removal (W/Q) vs the core diameter for three different densities
for cores with a central opening 4.0 ft in diameter and an output of 850
Mw of heat. As in Fig. 1.17 for axial flow, the gas temperature rise was
taken to be 700°F. The solid lines for Ap and W/Q refer to a ball diameter
of 1.5 in., and the dotted lines give corresponding values for 0.75-in.-
diam fuel balls. These curves indicate that power densities of more than
10 w/cm3 are required to keep the neight to a reasonable value.

The problem of gas bypassing through the high-voidage zones at the
core boundaries, discussed in connectlon with the axial flow concept, is
also present with radial flow. Here the problem would be especially bad
at the top of the reactor because the balls would not tend to pack tightly
against the top reflector.

There are several serious disadvantages inherent in the radial flow
concept. The reduction in mass flow per unit of flow passage area as the
gas progresses through the bed requires a rather steep radial reduction
in power density if excessive fuel temperatures are to be avoilded at the
core periphery. The power density at the periwmeter can be reduced by
using a thorium blanket in place of a thick reflector. The power distri-

bution, shown in Fig. 1.24, was calculated for different core sizes, with
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the first 1 ft of the reflector loaded with 10 wt % thorium oxide. For
the largest core, 14 £t in diameter, +the power density at the core periph-
ery is cnly 0.7 of the average, but, even in this case, the temperature
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difference between the gas and fuel surface at the periphery was estimated
to be 1.5 times the average. Conical ends could be used on the core to in-
crease the radial gas velocity near the perimeter and thus relieve these
excessive fuel temperatures somewhat. The effectiveness of changing the
core shape in this manner can be estimated only by extensive calculations,
but the prospects do not appear to be good, except for a core having a
length-to~diameter ratio less than unity, because making the ends conical
would have little effect on the flow at the center for the longer cores.
Another disadvantage of the radial flow concept is inherent in the
movement of both the control rods and the fuel at right angles to the gas

flow. Operation at power with partial control rod insertion depresses
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the power density all across the top of the core, with the result that

the gas passing through the upper region experiences a smaller tempera-
ture rise than the average for the core. In a similar menner, cold gas
bypasses through the spent fuel near the bottom. Consequently, the gas

in the central region must reach substantially higher temperatures in
order to give the desired mixed-mean gas outlet temperature, and excessive
gas and fuel temperatures are likely to occur in the central part of the
reactor. Thus it appears that the matching of the gas flow to the power
distribution is much less favorable than for axial flow cores.

The graphite structure for the radial flow core is complicabed by
the necessity for gas passages through the inner and outer cilrcumferential
boundaries. Probably the best arrangement evolved is that shown in Fig.
1.22, which utilizes the control rod guide tubes as a bar-grid at the
core inlet surface. The peutron economy is not gensitive to the material
of the outer grid, since it is outside the thorium blanket. In Fig. 1.22
the outer grid is shown as bulilt up of graphite to avoid the use of steel
structure in the highest gas temperature zone.

The high axial velocity in the central hole of a radial flow core
might lead to poor flow distribution and substantial core inlet pressure
losses; time did not permit a careful examination of these problems. An
undesirable characteristic of the radial flow core from the physics stand-
point is that the large vold at the center leads to severe neutron leak-
age losses. Preliminary estimates indicate that the core conversion ratio
would be only about 0.40 for a l4-ft-o.d. core. This corresponds roughly
to the 9.7-ft-diam, 40% void fraction core shown in Fig. 1.12, which in-
dicates that the fuel cycle costs would be so large as to make the radial
flow core quite unattractive. In review, it appears that poorer neutron
economy and higher Tuel cycle costs coupled with the more complex fluid
flow and constructiom.pgpblems and inherently poor wmatching of the gas
flow to the power distribution make the radial flow core less attractive
than the large axial flow core.

Hot-Spot Estimates. The hot-spot problem for the 20.7-ft-diam,

axial-flow, 800-Mw reference design reactor was examined for peak-to-
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average power density ratios of 1.5 and 2.0. The significant tempera-
tures and temperature differences are shown in Table 1.2,

Comparison of Design Problems of Spherical and Prismatic Fuel FEle-

ment Reactors. The numerous complex relatlons discussed above indicate

the many limitations imposed on the designer of a pebble-bed reactor.
These restraints are more severe than for similar reactors employing
tubular or prismatic fuel elements of the same basic material. 1In such
reactors the designer has the option of varying the effective flow pas-
sage diameter and the fuel element thickness independently so that the
fuel element can be proportioned to give the desired heat transfer charac-
teristics, both internally and externally. Further, tubular or prismatic
fuel elements have an aerodynamically cleaner configuration, and hence
much lower pumpling power losses are incurred for a given core size. As
an illustration, a series of tubular fuel element cores was compared with
a similar series of pebble-bed reactors for core diameters in the range

from 10 to 35 ft. The effects of core diameter on the ratio of pumping

Table 1.2. Factors in & Simpiified Hot Spot Temperaturc Lstimale
t

Core disieter = 20.7 It
.5,

L

Frel ball diameter = 2

Reactor power = 800 Mw
ium inlet temperature = 550°F

Helium outlet temperatare = 1350°TF

Temperature (°F) Baced on Temperature (°F) Based on
T T

Peak-to-Average Power Peak-to-Average Power
Density of 2.C in Density of 1.5 in
Hot Zore Hot Zone
Average Flim temperature drop for entire 126 126
core
verage filn temperatzure drcp for hot zone 25C 190

\n
\Jt
3
P~
e
A}

Film drop in wake of a closely packed
cluster in hot zone

Tempevature arop within an aversge ball 235 235
unifornly cooled (average power density
assuned )
Same as above except for peak power 470 350
dengity In hot zore
Average gas temperacure in hot zone 1100 1100
Peak gas temperature in ho® cluster 1400 1400
Hot-ball surface temperafure 1950 1815
Hot=-ball internal temperature 2420 2165
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power to heat removal, the fuel element thermal stress, and the fuel ele-
ment internal temperature drop are shown in Fig. 1.25. In each case the
reactor length was determined first for the pebble-bed reactor, and the
tubular fuel element core was made to have the same length. The markedly
lower pumping power, thermal stress, and internal temperature for the
tubular fuel elements at any given core diameter are indicated.

The prismatic or tubular fuel element core has the advantage that
it permits reducing the void fraction to 0.14 or 0.25 from the 0.39 value
characteristic of the pebble-bed reactor. Reducing the void fraction im-
proves the conversion ratio and reduces the fuel cycle costs. The savings
indicated by Fig. 1.12 are more than encugh to justify the capital charges
for a quite elahorate fuel-handling machine.

An edditional advantage offered by a prismatic or tubular fuel ele-
ment core is that the flow distribution across the inlet face can be varied
by orificing the core inlet or outlet or by varying the diameter of the
coolant flow passages through the fuel elements. TIn elther case, better
matching of the coolant flow to the power-density distribution can ve ob-
tained than would be posgsible in a pebble-bed core, so the peak Tuel ele-
ment surface temperature should be substantially lower for a gilven core
outlet gas temperature. Further, a thorium blanket could be employed to
reduce neutron leakage losses while still maintaining a good match of power
density and gas flow.

If, as seems likely from the limited data available, the inner layers
of the reflector will have to be replaced from time to time because of
graphite shrinkage cracking, a service machine will be required for a
pebble~bed reactor. Preliminary studies indicate that such a machine
has much in common with a fuel-handling machine suitable for prismatic

or tubular fuel elements.

Reactor Design

The PBR is enclosed within a 32-ft-diam, 4-in.-thick, pressure ves-
sel of type SA-212, grade B, carbon steel, Two separalte steam generators
and two blowers are provided, as indicated in Fig. 1.26. The control rods

are uniformly distributed through the core and are actuated by drive units
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at the top. Seven large access tubes at the base are provided for ser-
viecing the fuel removal.

The graphite reflector provided over the top and bottom of the core,
as well as around the sides, to protect the pressure vessel from fast-
neutron damage is 3 Tt thick. The outer 2-in. layer of this graphite is
borated to inhibit gamma heating in the pressure vessel and to ease the
shielding problem, particularly in the vicinity of ducts where thermal-
neutron and gamma-ray streaming would present serious problems.

The reactor assembly has been designed to be supported at three
points, one between the two steam generators and two under the blowers,
all three being in the same horizontal plane. The supports at the blowers
will be on rollers to provide for thermal expansion without the use of
bellows in the ducts. The blowers are fairly well isolated from the core
by shielding. The line-of-sight paths from the core into the blower cell
pass through the 3-ft-thick reflector, a l-in.-thick skirt, and the 4-in.-
thick pressure vessel, and the radiation must penetrate the 2-in.-thick
ducts twice, both times obliquely. Eight hours after shutdown, this gives
a gamma dose from the core of roughly 50 mr/hr at the blowers, which is
an acceptable value.

The reactor core support grid is divided into seven segments, each
of which is supported independently by one of the access tubes at the
base of the reactor. The weight load introduced into the pressure vessel
in this fashion is less than 0.5% of the pressure load, so the consequent
bending stresses in the pressure vessel should not be serious.

The large-diameter core poses serious design problems in making pro-
visions for fuel handling. In order to obtain a reasonably uniform ball
flow distribution across the core, it appears to be necessary to make use
of at least six ball inlet and discharge positions, and a substantial
slope toward one or ancther of these positions must be provided over the
entire top and bottom faces of the core. If this were not done, there
might be local relatively "dead' zones where fuel balls might dwell for
excessive periods. Concern for this latter factor led to the use of con-

trol rod tubes that do not extend to the face of the bottom reflector,
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since otherwise the balls might lodge at the base of one of the tubes in-
stead of Tlowing as desired.

Twenty-two 8-in.-diam access tubes are provided at the top of the
reactor for control rods. Graphite tubes, 6 in. in diameter and 3/4 in,
thick, are inserted into the core through these access tubes to provide
passages in the pebble bed for the control rods. The control rods con-
sist of stainless steel tubes containing boron carbide and are operated
by control rod drives similar to those planned for the EGCR. It is ex-
pected that these graphite tubes for the control rods will require re-
placement every few years because of graphite shrinkage cracking.

The principal performance and dimensional data for the plant are

presented below:

Power Generation

Thermal output, Btu/hr 2.73 x 10°
Thermal output, Mw 800

Gross electrical outpubt, Mw 2347

Net electrical output, Mw 330

Gross thermal efficiency, % 42.7

Net thermal efficiency, % 40.6

Fuel Elements

Sphere diameter, in. 2.5

Maximum thermal stress (for ideal 1300
rigid body), psi

Sphere surface, ft2/rt3 of fuel 28,7
Sphere surface, Tt?/ft3 of core (39% 17.5
voidage)

Number of spheres per 3 of core 122

Average power density in fuel, 10.7
w/cm

Average surface heat flux, Btu/hr-ft2 35 800

Graphite thermal conductivity, 8
Btu/hr- £t2 (°F/ft)
Maximum fuel surface tewperature, °F 2000
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Maximum fuel inbternal temperature, °F

fractional fission-product release
rate (R/B)

Reactor

Core

Core diameter, It

Core height, It

Core inlet face area, Tt?°

Core average power density, w/cm3

Reflector

Total reflector thickness, ft

Core fuel feed positions

Reflector feed positions
Fuel removal positions

Diameter of core plus reflector, Tt
Core density, g/cm3

Machined weight of fixed graphite,
tons
Weight of unfueled graphite balls,
tons

Weight of fueled graphite balls, tons

Pressure Vessel

Shape

Outside diameter, It
Inside diameter, ft
Thickness, in.

Material

2200
10-% to 1077

Cylindrical, axial
upflow

20.7
12.4
336
6.6

1 1/4-in. -diam
graphite balls
plns fixed
graphite

3.0

One in center, six
on 7,3-ft-radius
circle

Twelve on 10.8-Tt-
radius circle

Six on 7.3-ft-
radius circle

26.7
1.0
288

27

134

Sphere
32.1
31.4
4.0

Type SA-212, grade
B, carbon steel



Working pressure, psia

700

Design stress, psi 16 600

Maximum temperature, °F 600

Volume, ft3 31 000

Gross vessel weight, including core ~500 000
supports, thermal barriers, nozzles,
and insulation, 1b

Coolant System Characteristics

Gas Helium

Working pressure, psia 700
Flow through core, Ib/sec 763

Flow to steam generators, 1b/sec 868*%

Reactor inlet temperature, °F 550

Reactor outlet temperature above 1350
core, °F

Mixed-mean gas temperabure to 1250
steam generator, °F

Number of inlet pipes 2

Number of outlet pipes 2

Cool pipe ingide diameter, ft 3.5

Mean coolant velocity in cool pipe, 194
ft/sec

Diameter of ports to blower ducts, £t 3.0

Mean coolant velocity in ports, ft/sec 255
Diameter of hot gas port to steam 3.25
generator, ft

Mean coolant velocity in hot gas 337
port, ft/sec

Total volume occupied by coolant, 3 30 000

Circult pressure drop, psi 12.0

Pressure drop through core only, psi 3.8
Specific heat of coolant, Btu/lb.°F 1. 24

*The bypass flow through the unfueled ball layer

lining the reflector is about 14% of the flow through
the core.
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System pressure losses in terms of
ratio of pumping power to heat re-
moval

Core 0.003

Ducts 0.003

Steam generator 0.004

Total 0.010

Coolant Blowers
Number 2

Type Single-stage,
centrifugal

Blower drives

Steam turbines

Compression power, Bhp 5400
Adiabatic efficiency, % 70
Turbine power, Bhp 7700

Steam Generator

Type of generator

Once-through

Number of generators 2
Shell height between heads, Tt €0
Shell height including heads, ft 75
Shell outside diameter, b 8.5
Shell thickness, in. ~2.25
Gas inlet inside diameter, ft 3
Steam pressure, psi 2450
Steam pressure at throttle, psi 2400
Steam temperature at high-pressure 1050
stage, °F
Reheat temperature, °F 1000

The general layout of the plant is shown in Figs. 1.27 and 1.28.
The largest and most important element of the system, the reactor build-
ing, is located at the center. The other facilities are located Tor

convenience relative to the reactor and to each other.
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The turbine-generator unit is located immediately adjacent to the
reactor building in order to minimize the lengths of steam piping re-
quired, particularly for the reheater. The turbine building is located
on the river side of the plant to give a good layout for the condenser
cooling-water system. The feedwater pumps, feedwater heaters, and other
components of the steam system are also located in this bay.

The control room is located at the north end of the plant adjacent
to the reactor containment shell and the turbine-generator bay. This
arrangement provides a good view of the turbine-generator bay and mini-
mizes the length of instrumentation lines both to the reactor and to the
turbine-generator. Offices and other facilities for personnel are located
adjacent to the control room or on the floor above it.

The machine shop is located at the south end of the turbine bay. The
large equipment lock to the reactor containment shell opens into a reactor
service area adjacent to the machine shop. The stack, with its filters
and related core equipment, is located to the west of the reactor building.

The reactor and its associated equipment are enclosed in a pressure-
tight contalmment shell 122 £t in diameter and 221 £t high. A vertical
section through this building is shown in Fig. 1.29. The layout generally
follows that used for the PBRE, with the lower portion modified to reduce
the helght of the reactor building. To facilitate decontamination, metal-
lined rooms enclose all flanged joints for the contaminated-gas system
pressure envelope. These rooms are the blower rooms, the service area
below the reactor, the hot-fuel storage vaults, and the control-rod drive
region on the top of the reactor.

Reactor Physics. As mentioned above, three basic core arrangements

were cousidered: radial flow, axial downflow, and axial upflow. In com-
parison with the axial flow reactor, the radial flow reactor suffers from
the disadvantage of a considerably lower core conversion ratioc. This
characteristic arises from a combination of the streaming down the central
gas passage, the greater outward radial leakage caused by the central gas
passage, and the greater outward radial leakage caused by the presence of
thorium in the reflector. As a consequence, 1t is found that the fission

cross section decreases more rapidly with burnup and that the axial power
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distribution has a greater peak-to-average ratio for a given terminal
burnup than is the case in the axial flow reactor. In addition, the
available reactivity-limited burnup is reduced. The decrease in con-
version in the core is not all lost because some conversion occurs in
the thorium of the blanket. It appears likely, however, that the ad-
ditional complexity of design required to provide for reprocessing a
fertile blanket, together with the cost of the blanket reprocessing,
would come close to offsetting the value of the U233 recovered from the
blanket. To the extent that the smaller size of the fuel balls allows
a higher peak power density in this core, some of the disadvantages of
the power distributions mentioned above might be minimized.

The power distribution for a reactor with axial downflow (average
power density of 25 w/cm3) appears to match the gas flow distribution
reasonably well, although it would be necessary to analyze more carefully
the discontinuous nature of the details of the power distribution next to
the core wall. The core conversion ratio is higher than with the radial
flow core, since there 1s no central gas passage and no thorium in the
reflector. However, the conversion ratio is less than with the larger
core to be discussed below.

The third type of reactor has axial upflow of the coolant gas. A
core diameter of 20.7 ft is required to assure that the gas flow at the
design pressure does not cause levitation of the bed of fuel balls. A
core height of 12.4 £t is required to obtain a thermal cutput of 800 Mw
at an average core power density of 6.6 w/cm3.

An initial carbon-to0-U?3° ratio of 4000 was chosen, corresponding
to an initial specific power of 1280 kw/kg. This value has not been
optimized, although it is believed that the optimum is not far from the
value chosen.

Criticality calculations were made (with a 27-group one-dimensional
diffusion code) to determine the thorium concentration in the core.
Doppler-broadened effective thorium resonance integrals were computed
for this purpose from the resonance parameters. The calculations give

an initial thorium-to-U23> ratio of 18.1.
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A neutron balance is given below for the hot, fresh core, with equi-
librium xenon and samarium poisoning, but no other fission products, and

no buildup of heavy isctopes.

Neutron Absorptions
per Source Neutron

Core

Graphite 0.0130

235 0.50% (n = 1.96)

Th?32 0.3845

Xe 0.0212

Sm 0.0067
Reflector graphite 0.0148
Escapes

Radial 0.0138

Axial 0.0212
Shim control rod 0.0154

Total 1.0000

It may be seen from these numbers that the initial conversion ratio
is 0.75. The poisoning effect of low-cross section fission products and
the loss in reactivity from burnup of U?3% yill be offset initially by
the higher fission cross section and higher ﬁ of the U?33, It is to be
expected that the high conversion ratio of the system will allow burn-
ups of from 1.0 to 2.0 fissions per initial fissionable atom before the
reactivity finally decreases to an objectionable level.

The moderator temperature coefficient, resulting almost entirely
from the change in the ratios of the effective cross sections, was com-
puted by the multigroup method for the initial loading of U232, A value
of —2.4 X 10”5/°F was obtained. The fuel temperature coefficient was
obtained by comparing the effective thorium resonance integrals obtained
from the resonance parameters and taking into account the Doppler-broadened
self-shielding at two different temperatures. A value of —l.4 X 10"5/°F
was obtained. Adding these two contributions, the over-all initlal tempera-

ture coefficient is -3.8 x 1077 (8k/k)/°F.
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Requirements for reactivity control during operations will come from
the temperature coefficient, the fission-product accumulation, and the
fuel burnup. The poisoning from low-cross section Tission products, heavy
isotope buildup, and fuel depletion depend upon the fuel lifetime selected.

The other requirements are summarized below:

ok/k

Moderator temperature 0.0238
coefficient

Tuel temperature 0.0179
coefficient

Equilibrium xenon 0.0315

Equilibrium samarium 0.0106

Total 0.0838

The control system consists of 20 ByC poison rods, each 4 in. in
diameter. The rods travel vertically through the length of the core. Two
central rods are located 1 ft from the center of the core, have a combined
worth of 0.013 Bk/k, and are to be used for regulating and for shim con-
trol of fuel burnup. A circle of eight equally spaced rods is placed 4 Tt
from the center of the reactor, and 10 rods are 7 ft from the reactor cen-
ter. These 18 rods have a combined worth of 0.098 Sk/k and would serve to
overcome the temperature defect and the equilibrium xenon poisoning and to
provide a shutdown margin of safety of 0.025 6k/k. Each of the control
rods travels through a 5-in.-i.d., 6.5-in.-o0.d. grapvhite sleeve. When the
core has reached an equilibrium fuel distribution, compensation for fuel
burnup would be by periodic partial refueling (insertion of fresh fuel
balls at the top of the core and removal of spent fuel balls from the bobt-
tom), with the two central shim rods serving to provide control between
refuelings.

During initial operations, prior to the establishment of an equilibrium
fuel distribution, there will be somewhat larger changes in reactivity re-
sulting from the accumulation of samarium, other stable fission products,
and heavy isotopes. It is anticipated that these would be compensated for

by appropriate periodic changes in the height of the fuel bed, combined
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if necessary with the use of a burnable poison. The amount of reactivity
control available by changing the bed height is given in Fig. 1.30. The
use of a decreased bed height to control reactivity is particularly ap-
propriate to the first few months of operation, since it is likely that
the reactor would operate for a period of time at reducing power levels
while the operating characteristics of the system were being studied.

The value of the reactivity control needed to balance the moderator tem-
perature coefficient (0.0213) was computed for the initial conditions of
pure U235 fuel. As the U233 builds up, the moderator temperature coef-
ficient will decreass because of the difference in energy dependence be-
tween the U23° and U?33 cross sections. A core in which the U?35 had all
been replaced by U233 yould have a keff at room temperature only 0.0039

greater than at operating temperature.
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No provision has been made in the control system for overriding the
peak xenon poisoning, which will occur several hours after a shutdown.

It was assumed that scheduled shutdowns and shutdowns from equipment fail-
ure would normally be of such duration that the xenon concentration would
fall below its equilibrium value before startup was attempted and that

the control instrumentation could be made sufficiently reliable so that
ingtrument shutdowns would be infrequent. If 1t should be necessary to
override the peak xenon poisoning, an additional 0.043 5k/k would have

to be provided in the form of control rods which would remain inserted
during normal operations. There would be a corresponding decrease of
0.056 in the conversion ratic and a probable decrease in the fuel life-
time.

The heating rates in the inner portions of the reflector are shown
in Fig. 1.31l. The neutron heating was computed from the fluxes of the
one-dimensional multigroup calculation and the scattering cross sections.
The gamma heating was computed by summation of contributions from a six-~
group space-dependent source distribution. The points of discontinuity
occur at the interface between the movable reflector and the fixed re-
flector because of the higher density of the fixed reflector.

A two-dimensional horizontal cross section of the power distribution
in the core is given in Fig. 1.32. The plot is calculated for a normal
operating condition of complete insertion of the two central control rods
and complete withdrawal of the remaining control rods. The power distri-
bution 1s normalized to an average value of 1.0.

The mean generation time for prompt neutrons was computed by perbur-
bation theory. The fluxes and adjoint fluxes were determined by a one-
dimensional four-group calculation. A value of 0.3 X 1073 sec was found.

Steam Generators. The reactor system incorporates two steam gen-

erators, each 8.5 £t in outside shell diameter and approximately 70 £t
high. The units are located as shown in Figs. 1.26 and 1.29. The use
of two units eases the problems of leak detection and makes possible the
isolation of a unit in the event of a tube failure.

A once-through steam generator was selected to minimize the number

of tube penetratlons through the heat exchanger shell. In addition, a

67



once-through design permits a higher boiling point in the steam generator
than 1s possible with a recirculating unit, and this, in turn, is reflected
in a higher plant thermal efficlency. A limitation, perhaps not generally
recognized, on gas-cooled reactor power plants involves the requirement for
reducing return gas temperatures to values normally below the optimum feed-
water temperatures for the most modern steam power plants. In the present

design the feedwater temperature 4o the steam generator is 400°F, whereas
g g p)
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a comparable conventional plant operating at similar conditions would em-

ploy additional feedwater heaters and might operate with feedwater tem-

peratures well in excess of 500°F.

This limitation on meximum feedwater

temperature, because of minimum gas temperature requirements, results in

a lower thermal efficiency for recirculating boilers unless preceded by

a feedwater heater that utilizes the exit helium from the boiler before

69



it is returned to the reactor. The once-through generator combines these
two Tunctions in a single unit.

The design selected is shown schematically in Fig. 1.33. Gas from
the reactor core is directed through an entrance nozzle to the central cir-
cular upflow pipe of the steam generator. AL approximately two-thirds of
the vessel height, the gas passes through a transition piece to a square
section containing the reheater of the generator unit. At the top of the
vessel, turning vanes reverse the gas flow downward around the outside of
the reheater shroud and into the main tube anrmwlus. The gas is directed
parallel to the superheater, boller, and economizer tubes and counter-
current to the tube-side flow. Cool gas from the core inlet is directed
up the cooling annulus between the shell and a layer of thermal insula-
tion designed to maintain shell temperatures below 600°F. The annulus
gas discharges into the main helium stream at the top of the steam gen-
erator unit.

Table 1.3 and Figs. 1.33 and 1.34 summarize the pressures and tem-
peratures of the fluids entering and leaving the steam generator. The
requirement of the added heat from the blowers necessitates a gas teuwpera-

ture of 535°F leaving the steam generator to achieve a 550°F core inlet

Table 1.3. Gas and Steam Conditions in Steam Generator

Helium
Flow per generator, 1b/hr 1.56 x 10°
Inlet temperature, °F 1250
Outlet temperature, °F 535
Pressure drop, psi 9

Steam
Flow per generator, lb/hr 1.05 x 10°
Feedwater inlet temperature, °F 400
Feedwater inlet pressure, psia 2550
Superheated steam outlet temperature, °F 1055
Superheated steam outlet pressure, psia 2480
Reheater inlet temperature, °F 623
Reheater outlet temperature, °F 1005
Reheater inlet pressure, psia %70
Reheater outlet pressure, psia 460
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Fig, 1.34. Helium-Steam Temperature Diagram for PBR Steam Generators.

temperature. The two turbine drives for the blowers utilize approximately
300 000 lb/hr of steam between the superheal and reheal steam pressures.
The discharge steam from the drive turbine mixes with the high-pressure
turbine-generator discharge steam and returns Lo the reheat section of

the steam generator.

Specific design parameters for the steam generator are given in
Table 1.4. Water enters the feedwater drum at 400°F and passes into the
shell through 1 3/4—iﬂ.mdiam feeder lines. These feeder lines termlnate
in 6-1in., spherical headers serving 61 tubes 5/8 in. in diameter arranged
in a hexagonal tube bundle, as indicated in Fig. 1.35. Time has not per-
mitted the development of a suitable layout, and therefore the tubes are
vertical within the heatl exchanger. They terminate at the top in spheri-
cal steam headers identical to the lower feedwater headers. The super-

heated steam passes from the spherical steam headers through collector
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tubes to the superheater drum.

7700 tubes 5/8 in. in diameter.

The proposed deslgn utilizes approximately
Approximately 125 header and shell-wall
penetrations are required at the entrance to the economizer section and a

like number at the superheater exit. Tubes near the inner and outer

Table 1.4. Design Data for One Once~Through Steam Generator

Economizer, Boiler, and
Buperheater Section

Reheater Section

Flow scheume

Tube outside diameter, in.
Tube inside diameter, in.

Tube material

Nuwber of tubes

Tube spacing and arrangement

Upflow pipe diameter, ft

Dimensions of tube sechions,
iy

Tuke length, {t

Straight height of each
section, ft

Ectimated over~all shell
height, £t

Gas mess velocity, 1b/sec-ft?
Shelle-side area (total,
61 000), £t2
Water=side mass velocity,
1b/sec-£t2
Log mean temperature
difference, °F
Heat load (total =
1.39 x 10%), Btu/hr

Heat load as percentage of
total load, %

Gasw=side heat transfer coef=-
ficient, Btu/hr.ft2.°F

Tube~side heat transfer
coefficient, Btu/hr-ft2.°F
Heat flux (outside area),
Btu/hr-£1°2

Over~all heat transfer coef-
ficient, Btu/hr.ft?.°F

Axial counterflow of gas oubside

tubes
0.625
0.400

Carbon steel in economizer, low=

alloy Cr-Mo steel in boller,
high~alloy stainless steel in
superheater

7700

Equilateral piteh, 0.875 in. on

centers

3.25
3.25, i.d.; 7.58, o.d.

45.5

18.3, economizer; 8.6, boller;
18,5, superheater

70-75

22.8

23 200, eccnemizer; 10 900,
boiler; 23 300, superheater

43.4

91.2, economizer; 132, boiler;
154.4, superheater

3.78 x 108é economlzer;
3.76 x 10
superheater

27.1, economizer; 27.0, boiler;

30.5, superheater
330

708, economizer; 5000, boiler;
334, superheater

16 300, economlzer; 34 500,
boiler; 18 200, superheater

179, economizer; 262, boiler;
118, superheater

, boiler; 4.25 x 108,

Cross flow

1.75
1.62
High~alloy stainless steel

200

Transverse spacing, 2.5 in.;
longitudinal spacing, 1.875
in. (staggered)

5.25 square

50
9.7

50.1
3580

28.7
~365

2.15 x 108

15.4
652
293

60 000

165
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peripheries that cannot be accommodated in the hexagonal tube bundles
are fed by special headers.

Thermal expansion loops on the feedwater line and superheabter tubes
are provided in the primary section of the steam generstor. The tube
bundles are hung from support cradles on the expansion loops in the super-
heater section. The support cradles are, in turn, tied to the vessel
wall. Thus the individual tube bundles are free to move independently
in a vertical direction and are permitted limited relative lateral motion
before contacting adjacent bundle spacers. The tube bundle spacers are
tied to apex points of the hexagonal bundle.

In order to avoid the complication of an additional header system
or an excessive number of shell penetrations, the reheater section is de-
signed as a serpentine coil, as shown in Fig. 1.35. The reheater section
is housed in a 5.3-ft-square shroud with the serpentine tubes of the re-
heater section supported from the hemispherical dome. Reheat stean from
she high-pressure turbine enters the reheat section through a bank of
eight rows of tubes having 25 tubes per row. Thus 200 tube wall penetra-
tions are reguired at each end of the reheat section. Gas from the upflow
pipe passes through the transition piece to the reheat section. Guide
vanes are regquired in the bransition plece to prevent localized high-
impingement gas velocities and poor gas flow distribution across the re-
heater tubes.

It is estimated that approximately 4 ft of shell height will be re-
guired for accommodating thermal expansion loops and interior headers on
each end of the primary section. Approximately 2 to 3 ft will be required
for the uvpflow transition piece. The over-all steam generator shell height
is estimated to be 70 to 75 ft.

Ball-Handling System. The fuel-loading arrangement shown in Fig. 1.26

consists of two sets of ball ducts leading to the top of the reflector from
the floor above the reactor. Twelve egually spaced feeders for 1 l/4-in.—
diam unfueled balls are located on a circle at the core perimeter. The

2 l/2nin.—diam fueled balls are added at seven locations; one feeder is at
the center of the core, and six are spaced equally on a circle over the fuel

bted. Individual ball-loading devices are provided at these 19 positions.
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It is not clear how the top of the core should be shaped to give
both good filling and good flow distribution for both the fueled and un-
fueled balls. The problems introduced by the use of two ball sizes and
regions appear to be much greater than wasg anticipated when the layout
of Fig. 1.26 was iunitiated. Not only does it appear to be difficult to
maintain a uniform thickness of the unfueled ball layer, both circumfer-
entially and axially, but there may be difficulties with the fueled balls
mixing with unfueled reflector balls and vice versa. Both types of inter-
mixing are Lo be avoided, since large fueled balls in the reflector region
would not be sufficlently cooled, and small unfueled balls in the fuel bed
would obstruct the coolant flow.

Since balls cannot be used for the inner layers of the top and bottom
reflector regions in continuously fueled cores, these will require replace-
ment by some sort of servicing machine during extended shutdowns for such
operations. Thils being the case, it appears that it would be better to de-
sign for replacement of the inner layer of the side reflector at the same
time with the same machine rather than to attempt to line the reflector with
unfueled balls. Such a provision would greatly simplify the design of the
ball-handling system and would remove the basic uncertainties introduced by
an uncontrolled interface between two ball regions.,

The zoning of the round core support grid to accommodate six ball

" There are few experi-

drain ports creates noncircular "funnel zones.'
mental data to demonstrate the extent or type of ball flow control which
can be induced by contouring these funnels in various ways, bubt it appears
that the bottom of the core should slope toward the exit port at an angle
of at least 15 deg relative to the horizontal.

The general arrangement contemplated for the design of Fig. 1.26 em-
ploys six ball drain ducts. By arranging the drain ducts into two groups
of three to route the balls outward to opposite sides of the reactor ves-
sel, as shown in Fig. 1.36, the central area under the reactor is kept
clear for the service machine, and accessibility to each of the six drain-
age systems should be good. However, an investigation of this problem rep-
resents a major test and development item, even for a core containing only

uniformly sized fuel balls, and an indeterminately greater effort for a
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core with two ball sizes in separate zones. The problem of ball flow

through the core can be approached effectively only by experimentation.
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Power Plant. TIn crder to expedite the design study of the power
plant, the design of a coal-fired plant scheduled for completion of con-

8  Some modifications

struetion in 1964 was chosen as a reference design.
were required, including a reduction in the feedwater temperature to

give a well-proporticned steam generator with the 550°F reactor helium
inlet temperature used, and allowances were made for the steam required
for the blower drive turbines.

A 350-Mw, tandem, compound, turbine-generator unit for indocor service
was chosen for the plant, partly because of its cost advantage and partly
because it gave a favorable layout for the steam piping. The steam con-
ditions chosen are 2400 psig, 1050°F, with a single reheat to 1000°F.

The turbine exhausts at 1.5 in. Hg absolute. The generator is rated at
345 000 kva for a 0.85 power factor and a short-circuit ratio of 0.64 and
i1s cooled with hydrogen at 30 psig. The unit, complete with accessories,
includes a directly connected exciter, a lube oil system, and a gland-
sealing system.

A regenerative cycle is employed to heat the feedwater to 400°F.
Further heating would inerease both steam-generator capital charges and
blower pumping power requirements. This system includes six feedwater
heaters, with the deaerator preceding the highest pressure heater. Elec-
tric motors are used for the boiler feed pump drives. The exhaust steam
from the blower drive turbines is passed through the reheater and fed to
the Intermediate ‘turbine.

A flow sheet for the steam plant is presented in Fig. 1.37 that in-
dicates the principal features of the plant. The main condenser is a
twin-shell, 150 000-ft? unit employing a two-pass, divided-water-box de-
sign. Cooling water, lube o0il, and gland-sealing systems are provided.
The condenser cooling-water system includes trash racks, traveling screens
with wash equipment, and algae control equipment. Accessory equipment in-
cludes isolated phase-generation leads, exciter connections, transformer

and cables, control wiring, storage batteriesgs with a charger and an

8"Study of a Typical 306 Mw Net Coal-Fired Imstallation,” Contract
AT (10-1)-1010 Between the Division of Reactor Development, USAEC, and
Ebasco Services Inc., April 1959.
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emergency generator set, and station-grounding protection. Miscellaneous
plant equipment includes cranes, cleaning equipment, fire-fighting gear,
air-gas-oil facilities, office and laboratory services, tools, and com-
munication provisions. The outdoor switch yard includes an oil circuit
breaker, disconnect switches, and relaying devices. A single 230-kv

transmission-line takeoff is provided.
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2. REACTOR PHYSICS

Zone Loading of EGCR Core

(C. A. Preskitt)

Studies of the EGCR power distribution have been extended to include
radial zone loading of the core with elements of either two or three ini-
tial enrichments. As anticipated, considerable power flattening results
when the core is properly zone loaded, and thus a fuel loading procedure
is available which supplements the control rod program described previ-
ously.l The additional power flattening produced by zone loading the core
overcomes the severe hot-channel problem associated with loading fresh
fuel elements of a high feed enrichment during the initial refueling opera-
tions.

¥our zone-loading cases have been examined and are compared with the
reference case of uniform loading in Tables 2.1 through 2.6. In this com-
parison the three zones are numbered from the center of the core outward
and contain, respectively, one-fourth, one~fourth, and one-half the fuel
elements., The central control rod is fully inserted in all cases and the
four central loops are loaded with the reference homogeneous graphite-

uranium experiments with C/U = 200 (0.33 kg of U235 per foot of length).

"GCR Quar. Prog. Rep. Sept. 30, 1960," ORNI-3015, pp. 3-11.

Table 2.1. Comparison of the Power Distribution of
Several Zone~Loaded Cores with that of a
Uniformly Loaded Core

Zone Enrichment (%) Radial
- Peak~to~Average Loop Power

I IT IIT Power Ratio (r)
2.2 2.2 2.2 1.352 1.07
2.2 2.2 2.4 1.242 0.99
2.2 2.2 2.8 1.186 0.90
2.2 2.4 2.% 1.267 0.99
2.2 2.4 2.8 1.155 0.91
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Table 2.2. Radial Power Distribution in EGCR Core with
Uniform Radial Loading?

Radial Power Distribution in Indicated Channel (X,y)b
J
Xx =4 x=12 x=20 x=28 x=236 x=4 x=5 x=60 x=268

4 0.885 1.170 1.342 1.349 1.274 1.150 0.999 0.837 0.735
12 1.170 1.320 1.327 1.240 1.11L 0.961 0.816 0.745
20 1.342  1.320 1.335 1.277 1.168 1.031 0.884 0.786
28 1.349 1.327 1.277 1.185 1.056 0.907 0.763 0.681
36 1.27h  1.240 1.168 1.056 0.9209 0.753 0.616 0.553
44 1.150  1.111 1.031 0.207 0.753
52 0.999 0.961 0.88%4 0.763 0.616
60 0.837 0.816 0.786 0.681 Q0.553
68 0.735 0.745

aNormalized to average channel power of unity.

bx and vy are coordinates of channel in inches from center of reactor.
Table 2.3. Radial Power Distribution in EGCR Core Zone Loaded to an
Enrichment of 2.2% in Zone I, 2.2% in Zone 1T, and 2.4% in Zone ITI

Radial Power Distribution in Indicated Channel (x,y)a and Zone
¥
x =4 x=12 x=20 x=28 x=236 x=44 x=052 x=60 x=68
Zone T, 2.2% Zone 1I, 2.2% Zone III, 2.4%

4 0.779  1.050 1.210 1.242 1.198 1114 1.076 0.917 0.825
12 1.050 1.189 1.226 1.172 1.075 1.040 0.898 0.845
20 1..210 1.189 1.221 1.191 1.113 1.004 0.963 0.874
28  1.242  1.226 1.191 1.121 1.016 |0.956 0.839 0.77L
36 1.198  1.172 1.113 1.016 0.960 0.812 0.693 0.649
4, 1.114 1.075 1..004 0.956 0.812
52 1.076 1.040 0.9263 0.839 0.693
60 0.917 0.898 0.874 0.77L 0.649
68 0.825 0.845

a
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Table 2.4. Radial Power Distribution in EGCR Core Zone Loaded to an
Enrichment of 2.2% in Zone I, 2.2% in Zone II, and 2.8% in Zone III

Redial Power Distribution in Indicated Channel (x,y)® and Zone
¥y
X=4 x=12 x=20 x=28 x=236 x=44 x=52 x=60 x =068
Zone I, 2.2% Zone IT, 2.2% Zone IIT, 2.8%

4 0.664 0.899 1.049 1.098 1.091 1.042, 1.186 1.042 0.964
12 0.899 1.036 1.090 1.071 1.015 1.148 1.022 0.991
20 1.049 1.036 1..076 1.070 1.028 0.951 1.068 1.002
28 1.09¢ 1.090 1.070 1.025 0.946 1.034 0.935 0.888
36 1.091 1.071 1.028 0.946 1.038 0.895 0.783 0.755
44 1,042  1.015 0.951 1.034 0.895
52  1.186  1.148 1.068 0.935 0.783
60  1.042 1.022 1.002 0.8388 0.755
68 0.964  0.991

%% and y are coordinates of channel in inches frowm center of reactor.
Table 2.5. Radial Power Distributicn in EGCR Core Zone Loaded to an
Enrichment of 2.2% in Zone I, 2.4% in Zone II, and 2.4% in Zone III
Radial Power Distribution in Indicated Channel (x,y)® and Zone
y
x=4 x=12 x=20 x=28 x=236 x=44 x=252 x=60 x=268
Zone I, 2.2% Zone II, 2.4% Zone 11T, 2.4%

4 0.756 1.021 1.183 1.218 1.267 1.172 1.055 0.895 0.801
12 1.021 1.163 1.204% 1.238 1.136 1.018 0.876 0.820
20 1.183 1,163 1..198 1.168 1.176 1.060 0.942 0.853
28 1.218 1.204 1.168 1.186 1.074 0.942 0.821 0.750
36 1.267 1.238 1.176 1.074 0.942 0.796 0.677 0.631
4t 1172 1.136 1.060 0.942 0.796
52 1.055 1.018 0.942 0.821 0.677
60 0.895 0.876 0.853 0.750 0.631
68 0.801 0.820

2.

X and y are coordinates of channel in inches from center of reactor.
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Table 2.6. Radial Power Distribution in BGCR Core Zone lLoaded to an
Enrichment of 2.2% in Zone I, 2.4% in Zone IT, and 2.8% in Zone III

Radizl Power Distribution in Indicated Channel (x,v)? and Zone

x=4 x=12 x=20 x=28 x=236 x=44 x=252 x-=60 x=68

Zone I, 2.2% Zone TI, 2.4% Zone ITI, 2.8%
2 5 2

4 0.645 0.875 1.028 1.080 1.155 1.103 1.163 1.017 0.936
12 0.875 1.017 1.074 1.135 1.072 1.125 0.998 Q.
20 1.028 1.007 1.060 1.053 1.088 1.006 1.047 0.978

O
o
%)

28  1.080 1.074 1.052 1.087 1..002 1.020 0.926 0.865

36 1.155 1.135 1.088 1.002 1.020 0.879 0.765 0.734

44 1.103  1.072 1.006 1.020 0.879
52 1.163 1.125 1.047 0.916 0.765
60 1.017 0.998 0.978 0.865 0.734
68  0.936 0.962

a

X and y are coordinates of chammel in inches from center of reactor.

1t may be seen from Table 2.1 that an undesirable effect of zone load-
ing is a reductlon of loop power, but it must be emphasized that this re~
duction is not due directly to zone loading, but, rather, results from flat-
tening of the power distribution and will occur when the flattening is
achieved by any means. It has been observed that the ratio of peak channel
power to loop power is essentially constant for a wide range of core op=-
erating conditions. The configuration described by the second line of Table
2.1 (equal numbers of 2.2 and 2.4% eariched fuel elements) has been judged
to be a satisfactory compromise between the requirements for power flattening
and the desire Tor a high loop power and has been considered for the initial
loading of the EGCR core if the four central loops are installed at that
time. Since it now appears that the installation of all loops will be de-
ferred to a later date, the fuel loading described above will not be re-

quired for the initlial core.

Reactivity Effects Associated with Operation of the FGCR

(C. A, Preskitt, D. R. Gilfillan)

Some of the reactivity effects which might be encountered during op-

eration of the BGCR, both in normal operation and as a result of an accident,
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have heen calculated to assist in determining the control actions that
need to be available. It has been found that if an experimental fuel as-
sembly were dropped into the core 1t could, almost instantaneously, in-
crease the reactivity by as much as +1%. The unloading of a fuel channel
could produce an increase in reactivity that could be as large as +0.1%.
The increase would result mainly from a local increase in the resonance
escape probability in adjacent channels. If steam entered the core, the
resulting excess k, which would be essentially linear with steam pressure,
would be ~5 X 10™% (0.05%) per 100 psi. Complete flooding of the core
with water would increase k by about +0.06 (6%).

Weutron Source Required for the EGCR

(A. M. Perry, T. H. Row)

The neutron source in the EGCR must be large enough to yield, when the
reactor is shut down, a thermal neubron flux of at least 14 neutrons/cm?.sec
in the startup fission chambers, The flux in the fission chambers is a
funetion of source strength (neutrons/sec), source location, and the sub-
critical multiplication factor of the reactor. Iarly estimates of the re~
quired source strength were based on a shutdown k of 0.97, but considera-
tions of variable reactivity conditions resulting from different loop ex-
periments have made it clear that a k as low as 0.85 will occur at times.

The neutron flux produced by a unit source of fast neutrons has there-
fore been estimated for k¥ = 0.97 and k = 0.85 and Tor two different source
configurationsg, the first a point source at the center of the reactor and
the other a spherical shell source 150 c¢m in diameter. The calculations
were carried out with four-group diffusion theory, and a properly-normalized
source was added to the fission neutrons at each iteration of the multi=-
group calculation. Three guantities of interest obtained in the calcula-
tions are compared in Table 2.7. Table 2.7 gives the quantity (1 —'k)’l,
which is a famillar approximation for the source multiplication; the calecu-
lated source multiplication, defined as (source neutrons plus fission neu-

trons) divided by source neutrons; and the ratio, (¢/¢g), of the fiux at



Table 2.7. Source Strength Required for the EGCR

S, Source

-~ a Y .
Kpp (L= ¥ on)™h M &b ($/do)(L — k)  StrengthP
(neutrons/sec)

x 10°

Point source (.97 33.3 28.4  22.8 0.68 C.56
0.85 6.67 4. 61 1.45 0.22 8.8

Shell source (.97 33.3 35.5 29.9 0.90 0.41
0.85 6.67 7.48 3.66 0.55 3.3

a s . . .
Source multiplication as defined in text.

bSource strength required to yield 2 X 14 neutrons/cm?-sec at instrument
position; factor of 2 allows for 60-day decay.

the instrument position per source neutron to the flux at the instrument
position per fission neutron for a normal-mode fission distribution in the

core.

The fission distributions for the four cases listed in Table 2.7 are
shown in Fig. 2.1. From Table 2.7 it can be seen that the Tlux per source
plus fission neutron depends significantly on k and on the source position.
The reason Tor this is clear from Fig. 2.1, which shows the greater flux
peaking near the center of the reactor for the central point source and

for the lower value of k.

EGCR Shielding

(J. G. Delene)

The flux levels in the vicinity of the penetrations through the top
and bottom shields of the EGCR have been investigated. Fast-neutron
streaming up the annuli around the shield plugs was found to be the major
flux contributor for the control-rod, special, and fuel-charge nozzles.
The expected fast flux levels are ~5 neutrons/cmz-sec over the control~rod
and special nozzles and ~8 neutrons/cm?-sec under the fuel-charge nozzles.

The dose rate around the service machine, with shielding as shown on

Alis~-Chalmers drawings MS-126 and M3-221, with ordinary spent fuel and a
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spent control rod stored in thelr appropriate lead casks, was calculated
to be 7.5 mr/hr on the bottom surface and 1 mr/hr on the side surface.
Modifications now being made to the shielding will result in a dose rate
on the side surface of ~7.5 mr/hr with EGCR fuel or 25 wr/hr with a 1.5-Mw
experiment (3 hr after removal from the neutron flux). Along the surface
of the charge machine, dose rates of up to 66 mr/hr are expected with 12
fuel assemblies stored in their appropriate storage positions. However,
the dose rates at points where men will e working are not expected to
exceed 17 mr/hr. The various shield penetrations, both on the charge and

service machine, appear to be adequately shielded.
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Heat Deposition in the EGCR

(E. A. Nephew)

Heat deposition in the EGCR by core gamma rays has been calculated
and was discussed previously.2 The additional heating by gamma rays origi-
nating in a loop experiment can be estimated from Figs. 2.2 and 2.3. Here
the gamma heat deposition rate for a typical loop experiment 1s given as
a function of the distance from the loop tube.

The total heat deposition in the EGCR core umust also include the heat-
ing effect due to fast neutrons. The heat deposition rate due to the
moderation of fast neutrons is assumed to be directly proportional to the
fast flux distribution in the EGCR core. Figures 2.4 and 2.5 show the
marmer in which this heat is distributed in a reactor core quadrant. This
distribution was calculated by means of the two-dimensional PDQ program
for the case of a uniform core loading in which the central control rod
is fully inserted and the remaining control rods are inserted to a depth
of 62 in. as a bank. The four central loops were considered to contain a
homogeneous graphite-uranium experiment, C/U = 200, operating at a power
of 1.07 Mw. Based on an average fission spectrum energy of 1.98 Mev and
an average v of 2.53, which includes the effect of plutonium buildup, the
total energy deposited in the core by fast neutrons is 5.01 Mev/fission
or 2.16 Mw. From the PDQ fast flux calculations it was found that 91% of
the total fast neutron energy is deposited in the core. This gives a core
heat deposition of 1.97 Mw and a reflector heat deposition of (.19 Mw by

fast neubtrons.

2"GCR Quer. Prog. Rep. Sept. 30, 1960," ORNL-3015, pp. 14~20.
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3. REACTOR DESIGN STUDIES

Thermal Behavior of EGCR Fuel Assemblies

Effect of Control Rod Progreming and Mode of Operation (G. Samuels, M. E.
Lackey, R. S. Holcomb)

A thermal analysis of the EGCR fuel assemblies has been made based on
the design shown in Fig. 3.1. In computing the surface temperature for the
EGCR fuel elements, it was necessary to make a mumber of assumptions con-
cerning the gas temperature and flow and the heat deposition in the core.
The major assumptions were the following :

1. The temperature of the gas leaving the reactor'vessel is 1043°F.

2. The mixed-mean gas temperature exiting from the core is 1050°F.

3. The inlet gas tewperature o the core is 510°F,

4. The total flow through the core is 427 000 1b/hr.

5. Of the 427 000 1b/hr core flow, 387 000 1b/hr flows through the
fuel assembly and 40 000 through the annuli and core structure.

6. Of the total heat generation rate of 84.3 Mw, 80 Mw 1s removed by
the fuel assembly flow and 4.3 Mw is removed by the bypass flow.

7. All 80 Mw of heat removed from the fuel assemblies is removed from
the elements and none from the sleeve.

8. Thermal radiation from the elements to the sleeve is neglected.

9. The core is loaded uniformly.

The possible error introduced by these assumptions is, in general,
small, The most questionable assumption is the bypass flow rate of 40 000
lb/hr, which will be reduced by using top cooling for the control rods.
This reduction could he more than offset by the additional cooling required
by the flux scanner and additional anmilus flow. The difficulty in main-
taining the proper annulus flow results from the possible wide varilations
in radial power distribution as the control rod pattern is shifted to main-
tain a maximum radial peak-to-average power ratio of 1.35. In order to
match the annulus flow rate to the heat generation rate in the graphite, it
would be necessary when the control rod pattern iIs shifted to disassemble
and replace the annulus orifices in the bottom dummy, and this is not fea-~

sible. The only choice is to establish the annulus flow to adequately cool
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the core for any rod pattern, and this results in excess flow to a large
percentage of the channels in all cases considered.

The latest physics calculations indicate that 7% (5.9 Mw) of the heat
generated by the elements is deposited elsewhere. Based on previous calcu-
lations, about 30 to 35% of this will be deposited in the sleeves and the
remainder in the core blocks. The division of the heat in the sleeves is
not known at this time and, in any case, will vary depending on the radial
flux distribution in the core and the final maximum allowable graphite tem-
perature, which is yet to be determined. Assumptions 6 and 8 are conserva-
tive and will overestimate the surface temperature of the fuel elements by
about 10°F.

The thermal radiation between the elements and the sleeve will amount
to about 3% of the heat generation at the maximum nominal surface tempera-
ture. This effect, which has been neglected, would reduce the peak surface
temperature by about 15 or 20°F. Although the radiative heat transfer is
not very effective in reducing the nominal temperature, it will be important
in analyzing the magnitude of the hot streak that is expected to exlst on
the outer surface of the outer six elements because of self-shielding of the
cluster. Approximately 90% of the radiative heat transfer is from these
surfaces and will reduce their temperatures by about 30°F.

The calculations were based on uniform core loading; that is, the
fuel in each channel was assumed to have the same fission cross section.
For the eguilibrium core, the rundown of the fuel is expected to be a maxi-
mum of 10%. This means the radial flux distribution of the average or
uniform core loading will have #5% perturbations imposed on it. If the
blower head is sufficient to take care of the additional 5% flow require-
ment (or 10% in channel pressure drop), there will be about a 5°F increase
in the surface temperature of the new fuel. If the blower head is limited
to that required to supply a channel with a peak-to-average radial flux
distribution of 1.35, the additional 5% in power will result in a 50°F in-
crease in the maximum nominal surface temperature.

For the three cases analyzed it was considered that the central con-
trol rod was fully inserted and the remaining rods were operated as a bhank.

The worth of the bank for the three cases was 2.5, 1.6, and 0.9%. The
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maximum nominal surface temperatures of the elements for two different
operating conditions as functions of the mixed-mean exlit gas temperature
from the fuel channels for these cases are shown in Figs. 3.2, 3.3, and
3.4. The two conditions involve (1) operation with all orifices set so
that the exit gas temperature from each fuel channel is the same and (2)
operation with the orifices set to maintain a uniform meximum fuel element
surface temperature in each channel. As may be seen from Figs., 3.2, 3.3,
and 3.4, the reduction in surface temperature by orificing for a uniform
maximum surface temperature is about 40°F. This latter method of opera-
tion is somewhat more difficult than maintenance of a uniform exit gas
temperature, since it requires not only a knowledge of the radial peak-to-
average flux ratio but also the distribution of the radial and axial flux.
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Whether the relatively small gain is worth the additional analytical work
required Tor such operation is gquestionable. There are other types of con-
trol-rod programing in which it is most advantageous to orifice for maxi-
mum surface temperature.®

The required mixed-mean exit gas temperature from the fuel channels
can be calculated from assumptions 2, 5, and 6. With 4.3 Mw of heat de-
posited in the core and a core flow of 40 000 lb/hr, a mixed-mean exit gas
temperature of 1075°F is required from the 232 fuel channels to give a gas
temperature of 1050°F from the core.

Plots of both gas and fuel element surface temperatures along the high

power channel for a mixed-mean exit gas temperature from the channels of

1"GCR Quar. Prog. Rep. June 30, 1960," ORNL-2964, p. 21.
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1075°F are shown in Figs. 3.5 through 3.8. Figures 3.5 and 3.6 are for
bank insertion of control rods to a depth of 62 in. for a control rod worth
of 2.5%, and Figs. 3.7 and 3.8 are for bank insertion of combrol rods to a
depth of 47 in. for a control rod worth of 1.6%. Figures 3.5 and 3.7 are
based on orifice conbrol to maintain a uniform maximum surface hLemperature
in each channel, whereas Figs. 3.6 and 3.8 are for the case in which the
exit gas temperature from all the channels is 1075°F. The fuel element sur-
face temperatures and/or exit gas temperatures for each channel for these
cases are given in Table 3.1. The channels are identified by their x and y
coordinates measured in inches. The data are reported for only one octant
of the core but are applicable to the other seven, since the fuel loading,

experiments, and control-rod pattern are assumed to be symmetrical.
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Table 3.1. Gas Flow Rates, Exit Gas Temperatures, and Maximum Surface
Temperatures for All Channels for Bank Insertion of Control Rods
to a Depth of 47 in. or 62 in. and for a Channel
Mixed-Mean FExit Gas Temperature of 1075°F

Uniform Maximum

ifo it ; peratur
Uniform ExIit Gas Temperature Surface Temperature

Channel . ~
) Maximum Surface
ngzspy Temperature (°F)
Dimensions Flow : . Flow Exit Gas
(in.) Rate 62-1n. 4'7-in. Rate Temperature
’ (1b/nr) Tnsertion Tnsertion (1b/hr) (°F)
of Control of Control
Rod BRank Rod Bank
bemty 1589 1366 1376 1448 1130
12 2021 1416 1402 1996 1082
20 2283 1470 1419 2379 1052
28 2278 1468 1417 2375 1052
36 2140 1466 1415 2218 1055
ity 1925 1454 1400 1964 1064
52 1669 1423 1380 1663 1077
&0 1395 1404 1361 1354 1092
68 1223 1383 1348 1171 1100
12-20 2237 1470 1418 2331 1052
28 2236 1467 1416 2322 1054
36 2082 1461 1409 2146 1058
bl 1859 14477 1392 1882 1068
52 1605 1420 1378 1593 1079
60 1359 1401 1359 1317 1093
68 1240 1381 1347 1184 1102
20-20 2255 1469 1417 2346 1053
28 2145 1467 1416 2229 1054
36 1957 1454 1404 2003 1062
bl 1723 1426 1384 1726 1074
52 1474 1410 1367 1446 1086
60 1309 1398 1356 1262 1096
2828 1988 1456 1406 2038 1061
36 1768 1431 1388 1777 1072
by 1515 1414 1371 1491 1084
52 1271 1385 1352 1219 1099
€0 1134 1373 1339 1072 1108
36-36 1519 1416 1375 1500 1082
A 1257 1384 1348 1203 1100
52 1026 1367 1334 961 1113
60 221 1352 1320 846 1125
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Tt should be emphasized that the values of Table 3.1 are for the
nominal temperature, which is defined as the average temperature of the
seven elements of the cluster for normal operating conditions with an
equilibrium core. No allowance has been made for temperature asymmetries
within the cluster, hot-channel factors, or the effect of adjacent empty
fuel channels.

When fuel is removed from one of the channels, the heat generation
rate in the adjacent channels increases by 8%. If the flow in these chan-
nels is increased by 8% to match the increased heat rate, the surface tem-
perature of the elements will increase by only 10°F. If the orifices are
not opened to increase the flow, the temperature will increase by 75°F.
Considering the time involved to change the orifices of these channels both
before and after a fuel change, the operator will prefer to leave the ori-
fice settings constant and take the lancreased surface temperature for the
period required to reload a channel. Unless subsequent analyses indicate
that this increased surface temperature of 75°F cannot be tolerated, this
mode of operation is recommended.

The magnitudes of the temperature asymmetries within the clusters
are not known at this time, and their determination must awalt the results
of the velocity profile and mixing experiments. A series of calculations
in which an attempt was made to bracket the temperature variation within
the cluster indicated that the maximum temperature will not exceed the

average by more than 75°F.

Fuel Temperature Variations During Transients

Variations During Extreme Normal Conditions. (O. W. Burke, E. R. Mann,

R. M. Pierce, C. S. Walker) The ORNL analog computer was used to examine
the thermal behavior of the EGCR fuel under certain idealized conditions.?
The purposes of this investigation were to determine the magnitude of the
thermal "time constant” of the fuel and to evaluate the temperature varia-

tions in terms of EGCR design considerations.

?R. M. Pierce, "Preliminary Analysis of the Thermal Behavior of the
EGCR Type Fuel Element,” ORNL CF-60-10-107 (Oct. 27, 1960).
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The fuel thermal time constant is a measure of the time interval re-
quired for the fuel temperatures to change in response to sudden changes
in reactor power levels. It is a limiting factor that concerns any change
in the rate of heat flow from the fuel to the gas stream. Certain fuel
temperature transients will take place during normal operation. For ex~
ample, each time a scram action occurs when the EGCR is operating normally,
the fuel will undergo a very rapid temperature change. Also, there will be
temperature variations of lesser magnitude each time the reactor power is
increased during startup and each time the reactor gas inlet temperature
varies. These transients are not necessarily the result of any sort of
accident nor do they produce abnormally high fuel temperatures.

The calculations were idealized to the extent that the thermal power
could be varied according to any desired function of time, rather than by
adjustment of the multiplication of a nuclear reactor. An examination was
made of the thermal behavior of the fuel rather than of the kinetic behavior
of a complete reactor. The computer model utilized the central channel,
which was broken into three axial sections. Each sectlion was assumed to be
composed of a single stainless-steel-clad UO, fuel rod surrounded by an an-
nulus that provided a passage for the gas. The gas annulus was enclosed by
a hollow graphite cylindexr which represented the moderator. The UQ, in the
fuel rod of each section was subdivided into three cylindrical regions to
similate heat conduction as well as heat storage. The entire volume of
each small section was assumed to be at the mean temperature of that par-
ticular section. The investigation was carried out both for no gap and
for a 6-mil gap between the UG, and stainless steel cladding.

One of the fastest transients encountered is described by the curves
shown in Fig. 3.9. These curves represent the variations of the mean tem-
reratures of the hottesgt axial section of the central fuel element upon the
instantaneous reduction of nuclear power from design conditions to zero at
30 sec on the time scale. The gas flow was 100%, and the temperature of
the gas returning to the reactor from the heat sink was held constant at
510°F. For this particular transient, there was a 6-mil gap between the
U0, and cladding. The initial rate of decrease of the average temperature

of the U0, was approximately 60°F/sec, whereas the initial rate of decrease
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time constant is slightly larger

than 30 sec for the U0, as well as for the stainless steel cladding. The
thermal time constant was found to increase with a decrease in gas flow,
being of the order of 60 sec at 20% gas flow.

Variations Caused by Loss of Gas Flow. (F. P. Green, R. M. Pierce,

C. S. Walker) There are three basic means by which the gas flow through
the reactor can be reduced: (1) a normal reduction in blower speed through
the action of the speed-control mechanism, (2) coastdown of the blower upon
the logs of driving torque, and (3) action of any guick-operating valve.
These three varlations were examined in order to determine the design re-
quirements for safe operation. A reduction in blower speed by means of

the speed control actuator was simulated as a ramp decrease in flow. The
blower coastdown curves were calculated? and incorporated into the analog
computer for the condition in which the blower is completely declutched
from the drive motor, as well as for the condition in which the motor is

turned off and coastdown occurs with the blower and motor fully clutched.

3Personal communication from E. R. Taylor, ORNL.
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Step reductions in gas flow from 100% design conditions were simulated to
represent the action of guick-operating valves,*

The thermal model for this computer work was similar to that described
above for normal conditions, except that the temperature profiles used were
those computed® for fuel channel 4-20, and the heat transfer variations from
the fuel to the gas due to changes in gas flow were included. The nuclear
portion of the reactor was also included in the simulation, with six delayed-
neutron groups, as well as a fuel temperature coefficient of —1.1 X 1077
6k/°F.6 Scram safety actions were initiated by a set point of 1075°F on
the outlet gas temperature, or a flux-minus-flow deviation of +10%, which-
ever occurred first. A scram was assumed Lo cause a rod acceleration of
20 ft/sec”®. The dk reduction by rod insertion was then obtained from a
function generator which relabed rod position and rod worth.? A maximum
of 5.2% negative dk was inserted in 1.205 sec. A 2-sec first-order-sensor
delay was included in the flow signal. Another function generator was em-
ployed to incorporate the effect of afterheat. The gas returning to the
reactor was assumed Lo remain at a constant temperature of 510°F.

The examination of ramp reductions in gas flow revealed that decreases
equal to less than O.A%/sec would not produce rates of temperature rise of
the fuel cladding exceeding 2.5°F/sec, Scram action was initiated by a high
reactor gas outlet temperature. It should be possible for the design of
the actuator on the blower speed control mechanism to provide for an in-
herent limitation of the rate of decrease of the blower speed to a value
in the order of 0.4%/sec.

The blower coastdown curves and the temperature transients of the fuel
are shown in Figs. 3.10 and 3.11, respectively. The rise in fuel cladding
temperature after an elapsed time of 200 sec is caused by the afterheat.

The transients shown are those for the declutched coastdown of the blowers

“R. M. Pierce and ¥F. P. Green, "Thermal Behavior of the EGCR Upon Loss
of Gas Flow," ORNL CF-60-10-127 (October 31, 1960).

“Personal communication from G. Samuels, ORNL.
SPersonal communication from A. M. Perry, ORNL.

"Personal communication from C. A. Preskitt, ORNL.
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being limited by the negative

fuel. The scram was caused by

high outlet gas temperature in the range from 10% Lo 15% step reductions.
The flux-minus-flow signal initiated the scram for reductions of 30% and
larger.

Variations Caused by Reactivity Increases. (F. P. Green, R. M.

Pierce, C. S. Walker) The effect of reactivity increases was analyred

to determine whether a step-value or ramp~-insertion rate existed that
would cause the metallurgical limit of the Tuel elewment cladding to be ex-
ceeded before one of the safety devices would trip and scram the reactor. 8
It was assumed that a reactor scram would be caused by an outlet gas tem-
perature in excess of 1075°F or by a flux-minus-flow signal of +10%, which-
ever occurred first. The computer model was didentical to that employed

in the examination of the loss of gas flow accidents.

8R. M. Pierce, "Analog Computer Analysis of hhe Thermal Behavior of
the BEGCR Due to Reactivity Accidents,' ORNL CF-60-12-49 (in press).
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Step insertions of reactivity can occur when the charge and service
machine are operating or during the changing of an experiment. It has not
been determined at what power level and coolant flow rate these operations
will occur; therefore, the investigation was carried out for various power
levels, flow rates, ard step insertions of reasctivity. The maximum fuel
element cladding temperature that was reached was approximately 20°F above
the operating value at full-load conditions with a step increase in dk of
0.25%. Large step increases in reactivity were not similated because of
limitations in the equipment.

In order to examine the effect of a failure in the safety instrumenta-
tion, it was postulated that only one of the safety devices, either flux-
minus-flow or cutlet gas temperature, was operable for various ramp inser-
tions of 8k while the reactor was operating at 100% power and 100% flow.
Remp insertion rates from 1 x 1072 Gk/sec to 2.5 x 1074 6k/sec were used,
The maximum temperature rise of the fuel element cladding above design
point 1is shown in Fig. 3.13. The flux-minus-flow scram limited the tem-
perature rise to less than 64°F for all insertion rabtes investigated. The
reactor outlet gas temperature scram limited the temperature rise to less
than 126°F. If both scram actions are available, the maximum rise of the
cladding temperature is 56°F at a reactivity insertion rate of 1.22 X 1077
6k/sec.

Variations During Loss of Power. (G. Samuels) The temperature of the

gas leaving the core is of concern because of its effect on the low-tempera-
ture piping between the attemperator and the steam generator. The maximum
normal operating temperature for this piping has been specified as 1080°F,
and no difficulty 1s expected with short-time transients up to 50°F above
this wvalue.

The two time periods of most interest are the first minute after loss
of power and about 23 min later when the natural-convection gas flow is
equal to the aflterheat rate. In determining the temperatures to be ex-
pected following a loss of power, the coastdown time of the blower becomes
of prime impcortance. The coastdown curves for both the clutched and de-
clutched case are presented in Fig. 3.10. The btimes required for the flow

to reach 5% are 7.9 and 5.7 min, respectively, for the two cases, and after
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8 min the flow is estimeted to be 4.75% and 3.5%, respectively, for the two
cases. In the following analysis 1t was assumed that the blower was de-
clutched and that after 5.7 min, when the flow had dropped to 5%, the blower
abruptly stopped.

The analog compulber studies gave the exlit gas temperature, the cladding
temperature, and the U0, temperature during the coastdown, but they did not
include the effect of the sleeves and moderator blocks during the coastdown.
The effects of the sleeves and moderator blocks are such that the tempera-
tures found in the computer studies are too high for the first 10 to 20 sec
and too low thereafter. The exit gas temperature and the maximum cladding
temperature overshoot their normal values by 35 and 90°F, respectively.

ter the 5.7-min coastdown of the blowers, the following temperatures were

found :
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Exit gas temperature 650°F
Maximum cladding temperature 720°F

Maximum UQ, temperature 750°F

The gas temperature overshoot for the short period after loss of
power results in a 1080°F gas teumperature in the hot-leg piping, which
should present no difficulties. The 90°F overshoot in the temperature
of the fuel element cladding does not lead to a temperature in excess of
the 1800°F maximum allowsble temperature.” Physics studies have shown
that if a fuel channel is ewmpty, the adjacent channels will show an 8%
increase in heat generation. If it is assumed that one of the channels
in the highest power region of the core is empty at the time of the loss
of power, some small probabllity exists that the temperature of the ele-
ments adjacent to the empty channel may exceed 1800°F. For this case the
nominal surface temperature of the elements is 1545°F. Adding 75°F for
temperature asymmetries and 90°F for the overshoot, the temperature be-
comes 1710°F. At these high temperatures the radiation between the ele-
ments and the sleeve becomes appreciable and must be considered. For a
fuel element cluster temperature of 1800°F the radiation between the ele-
ments and the sleeve is 7% of the normal maximum power rate in the reactor.
Applying this 7% to the normal maximum heat transfer film drop leads o a
predicted reduction in the temperature of 42°F. Deducting this from 1710°F
leaves 1668°F or 132°F less than the 1800°F maximum allowable temperature.
The probability of the temperature of any single element exceeding its cal-
culated mean value by 132°F is 0.0l. Considering that there are only four
channels which may be subjected to the 8% additional heat input and that
within each channel there are ab most 14 elements that can reach these high
temperatures, it would not be expected that there would be any significant
number of failures and certaintly there would be no hazardous conditions.

The length of time the elements would be exposed to this overshoot would

be about 10 sec.

°"GCR Quar. Prog. Rep. Sept. 30, 1960," ORNL-3015, p. 25.
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In examining the transient behavior of the fuel element, sleeve, and

coolant temperatures after the blower stops, the fuel element temperature

was assumed to be 800°F along the entire chamnel and the sleeve Lemperature

was assumed to be equal to the coolant temperature along the channel at the

instant the power failed.

peratures will actually be slightly less.

These values are conservative in that both tem-

Assuming that none of the after-

heat 1s given to the coolant gas, thal 1s, there is only thermal radiation

between the elements and sleeve, then the fuel element surface temperature

and the sleeve temperature at the end of 5.7 and 23 min will be as shown in

Fig. 3.14.

At the end of 23 min the heat generation rate and the natural-

convection flow rate will both be about 1.2% of normal.

Rather than speculate about the laminar flow heat transfer coefficient

within the element, a different and conservative approach was used.

An ex~

amination of the configuration of the fuel assembly, Fig. 3.1, shows that

the distance from the fuel elements to the center of one of the flow aresas

in the cluster is about 1/4 in.

Assuming conduction through a l/4—in. stag-

nant helium Tilm to the flow in the center of the passages gives an effective
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coefficient of 7 Btu/hr-ft?:°F at
1.2% of full power. The maximum
heat flux in the reactor will be
2100 Btu/hr.rt?, and the meximum
temperature difference between the
fuel elements and the coolant will
be 300°F. The coolant temperature
profile at this time will be very
close to that existing at the time
of the power failure. Thus, the
maximum fuel element temperature
that can exist will be about 1200°F.
In order to place a limit on
the maximum coolant exit tempera-
ture, the curves of Fig. 3.15 were
calculated. The coolant tempera-

ture curves were determined by
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assuming that all the afterheat
was removed by the coolant, and
the fuel element temperatures
were determined by assuming that
nc heat was removed by the cool-
ant. At 5.7 min after loss of
power the coolant temperature will
exceed 1250°F based on these as-
sumptions, bvut this is impossible
because the fuel element tempera-
ture is 800°F and the maximum

1075°F. The
to the 11~

sleeve temperature is
same argument applies
min case because there is no tem-
perature available to raise the
temperature of the gas above aboub

After 15 min, the fuel

element temperature would be 1160°F if no heat were transferred by convec-

tion, but the maximum temperature that could be reached by the gas, assuming

all heat transferred by convection, would be 1070°F, the point of inter-

section of the two curves.

ling factor in determining the coolant exit temperature from the core.

Thus, the fuel elements will not be the control-

The

exlt temperature will follow very closely the graphite temperature at the

top of the core.

It should be noted that these curves are for the highest

power channel in the core and that the temperatures in the other channels

willl be less.

The results of preliminary calculations to determine the sleeve and

moderator temperatures show their average temperature at the top of the

reactor to be less than 1000°F.

For these calculations

it was assumed

that the annulus flow was set so that the maximum moderator temperabure

would be 1100°F, and, further, the flow was set so that this temperature

would not be exceeded even for large varlations in the radial flux in the

reactor.

any one flux profile.

This means that most of the channels would be over-coocled for

The total annulus flow for this case was about
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32 000 1b/hr, which would result in a total core bypass of about 37 000
to 38 000 lb/hr. For this type of core flow control the maximum exit cool-

ant temperatures from the reactor will not exceed the 1080°F specified for

the exit piping.

Mternate Fuel Assemblies

(¢. Samuels, M. E. Lackey, R. S. Holcomb)

Since the EGCR is to serve as a "test bed" for fuel elements, alter-
nate fuel elements are being developed. Some elements will be identical
in design to the EGCR fuel elements but will consist of different materials;
other elements will be of configurations different from that of the EGCR
reference elements and of various materials.

The preliminary designs of four types of beryllium-clad fuel elements
have been completed. Three of these are shown in Ffigs. 3.16, 3.17, and
3.18; the fourth is essentially the same as the reference stainless steel-

clad element of the EGCR. The de-

UNCLASSIFIED

ORNL-LR-DWE 98472 g9on dimensions and operating con-

ditions are summarized in Table 3.2
for elements operating at an exit

gas temperature of 1050°F. The

basic design considerations were

an exit gas temperature from the
fuel channel of 1050°F with a maxi-
mum surface temperature of 1300°F
for the maximum available pressure
drop across the fuel column. The
design nominal surface temperature
was 1150 to 1200°F to allow for
temperature asymmetries of 100 to
150°F. The design was restricted

to clusters of 7, 12, and 19 rods.

GRAPHITE SLEEVE

The longitudinal fins on the 7-rod

Fig. 3.16. EGCR Beryllium-Clad Fuel cluster eliminate the need for a
Elements in Finned Seven-Rod Cluster.
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or e e . mid-spacer, in addition to pro-
viding more surface area.

The 12-rod cluster is arranged
on a circular pitch about a 1.83-
in. -dlam central graphite rod. The
19-rod cluster is arranged on an
equilateral triangular pitch in a
hexagonal hole with rounded corners
in the graphite sleeve., The radial
peak-to-average power ratio listed
in Table 3.2 indicates at what radial
position in the core the fuel ele-
ment could operate with the reactor

at full power with the same fuel en-

richment as the rest of the core.

GRAPHITE SLEEVE

This ratio may be varied by changing
Fig. 3.17. BGCR Beryllium-Clad Fuel either the enrichment or the flow
Elements in Finned 12-Rod Cluster. area in the cluster.

The reason for the 12-rod circular pattern rather than a 13-rod hexa-
gonal design is that the random angular rotation of the stacked assemblies
in a channel could result in severe flow maldistribution at the inlet to
an assembly. Even for aligned assemblies, the flow distribution in a 13-
rod hexagonal array is very poor. The 19-rod design is also subject to

these difficulties, but to a lesser degree.

Table 3.2. Design Data for EGCR Berylliium-Clad Fuel Elements

Number Outside Nuniber Clearance Inside Radial Nominal
of Diameter of of Betwéen Diameter of Peak-to- Maximum
Rods Beryllium Fins R Graphite Average Surface
ods
Per Tube Per (in.) Sleeve Power Temperature
Assembly (in.) Rod R (in.) Ratio (°F)
7 0.75 0 0.150 2.70 0.706 1179
7 0.75 62 0.200 2.85 0.761 1166
12 0.50 0 0.150 3.13 (0,835 1148
19 0.50 0 0.200 3.61 1.345 1183

B9ins 0.040 in. thick and 0.100 in. wide.
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GRAPHITE SLEEVE

Fig. 3.18. BEGCR Beryllium-Clad Fuel Elements in 19-Rod Cluster.

Mass and Heat Transfer Correlation Studies

(M. E. Lackey, R. S Holcowmb)

The local velocity data for tuvbes 1, 2, 3, and 7 obbtained from a mock-
up of the EGCR fuel channell9 at L/de = 3.9 and O-deg orientation have been
reduced to lines of constant velocit&. These lines are shown in Fig. 3.19,
The velocity distribution was determined by graphical integration of the
velocity profile. The ratio of the flow in the outer channel to the flow
in the inner channel! at the bundle entrance is determined by the ratio
of the flow area in the outer channel of the spider to the flow area in

the inner channel of the spilder. Values of this flow ratio are given in

10"GCR Quar. Prog. Rep. June 30, 1960," ORNL-2964, pp. 67-80.

11The arbitrary dividing line is chosen to be the hexagon formed by
connecting the centers of the six peripheral tubes.
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Table 3.3 as applied to the channel at L/de = 3,9. A comparison of the
values in Table 3.3 indicates that the flow ratio has been shifted from
the value that existed at the entrance of the first bundle, which would
be the "equal velocity value" of 2.125, past the "equilibrium value" of
2.002 toward the "calculated bundle entrance value" of 1.688. Some flow
redistribution has occurred between L/de = 0.0 and L/de = 3.9 toward es-

tablishing the equilibrium value of 2.002.

Table 3.3. Ratio of the Flow in the Outer Channel to
the Flow in the Inner Channel

Calculated bundle entrance ratio, L/de = 0.0 1.688
Experimental ratio at L/de = 3.9 1.884
Bgquilibrium ratio / 2.002
Ratio for equal velocity in the inner and 2.125

outer channels

A comparison of the heat transfer coefficients obtained from an Allis-
Chalmers heat transfer experiment!? performed on a seven-rod bundle with
60-deg mid-cluster spacers and from heat transfer experiments performed on
round tubes at NACA'2 and at Stanford Universityl4 with the mass transfer
coefficients obtained from a completely simmlated EGCR fuel element® has
been completed for the center rod and an outside rod of the seven-rod
cluster. For the purpose of this analysis the outer tube was divided into
two segments. The inner segment consisted of the 120-deg arc that falls

within the inner channel, and the outer segment consisted of the remaining

12A11is-Chalmers, Run 212~C, unpublished data.

131, v. Humble, W. H. Lowdermilk, and T. G. Desmon, '"Measurements of
Average Heat Transfer and Friction Coefficients for Subsonic Flow of Air
in Smooth Tubes at High Surface and Fluid Temperatures, " NACA Report 1020
(1951).

L4M, E. Davenport and P. M. Magee, "Heat Transfer to a Gas at High
Temperature, ' Technical Report No. 247-1 (May 1960), Nuclear Technology
Laboratory, Stanford University.

15"GCR Quar. Prog. Rep. Sept. 30, 1960," ORNL-3015, pp. 53-63.
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240-deg arc. It was assumed that the flow which effected the heat and
mass transfer was contained within the boundaries formed by the locus of
the intersections of the perpendiculars erected on the tubes and the ad-
jacent associated walls. The influence boundaries are shown as dotted
lines in Fig. 3.19. It was further assumed that the flow obtained from
the analysis of the velocity profile atf L/de = 3.9 for the aligned case
was the flow that existed in the heat and mass transfer experiments at
L/de = 0 and that the flow ratio shifted to the eguilibrium flow ratio
Just upstream of the mid-cluster spacer. It was assumed that at the mid-
cluster spacer the flow shifted to a ratio value of 2.086, as determined
by the mid-cluster spacer geometry, and that Just upstream of the bundle
exit spider it shifted back to the equilibrium value.

The data were correlated by using a modified Colburn equation of

the form

- - 0.4
Nu, = jygRe Pry s (1)

which refers all physical properties of the gas to the surface conditionsz.
Rewriting Eq. (1) in the form of a Dittus-Boelter equation and referring

the Reynolds moduli to the average bundle flow gives

D. G 0,2 D. @ 0'8T U
= 3 2B 2 _BY 2 2004
Mg = Jyp (ReaD G) (ReaD G) oo e (2)

a 2

Ir

Eg. (2) becomes

= BB 8 8 0.4
Nu_ = Cpp (%ea e ) = Pr . (3)
a & s s
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The mass transfer factor jM is corrected from the average bundle velocity
to the local velocity and used in the mass transfer—heat transfer—-friction

analog to determine the corresponding mass coefficient CM:

G
'EJ :J'
2
GB experimental MBcorrected
D G Ol2

. B "B
J . Re y 5= & = Cyp - (4)

corrected a a

In these equations the subscript s refers to the surface in question, H
refers to heat transfer, M refers Lo mass transfer, a refers to average
bundle conditions, and B refers to the sector in gquestion.

The heat transfer and mass transfer coefficients CHB and CMB were
determined for the center rod, the inner and outer sectors of an outside
rod, and the cluster average of the bundle heat and mass transfer experi-
ments, respectively. These values are shown in Figs. 3.20 through 3.23,
in addition to the CHB values determined from the NACA end Stanford round-
tube data. In general the agreement between the bundle heat and mass trans-
fer coefficients is within 7% and within 10% (with the exception of the
first half of the center tube, which is within 20%) of the NACA and Stanford

data.

EGCR Control Rods

(J. W. Michel)

The design of the EGCR control rod has been modified from that pre-

al6517 and is shown in Fig. 3.24. The rod is composed

viously describe
of four 5-Tt-long segments supported on an inner stainless-steel rod., The

three lower segments contain annular rings of B,C as the nuclear poison.

16"GCR Quar. Prog. Rep. June 30, 1960," ORNL-2964, pp. 35-37.
L7"GCR Quar. Prog. Rep. Sepb. 30, 1960," ORNL-3015, pp. 32-34.
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A metallic filter is installed in these segments to vent the ByC section
to the reactor without loss of ByC. Cooling is achieved by downflow of
cool helium Trom the top conbrol rod nozzle and depends on achieving a
partial seal between the outside of the control rod and the shroud. The
four segments are compressively loaded by the top spring Lo maintain a
seal in the ball-and-socket Jjoints between segments.

A full-scale mockup of this rod design is being assembled to establish
fabricating techniques and to indicate possibilities for reducing the cost
of the rods; for example, one segment is Lo be aggembled by press-fitting
and tack-welding the parts together. A limited test program is to be per-
formed on this rod primarily to confirm cooling and flexibility design

assumptions.

Decontamination of EGCR Components

(A. B. Meservey, J. M. Chilton)

A method for decontaminating the EGCR charge and service machines
using a carbonate-peroxide reagent to dissolve finely divided UO, and

a proprietary oxalic acid mixture for fission-product removal was de-
18

'

scribed previously. It has since been found that oxalate-peroxide solu-
tions of controlled pH are superior U0, solvents and decontaminating agents
and that they are only slightly corrosive to mild steel. With the oxalate-
peroxide solutions it is feasible to simultaneously dissolve UO, and de-
contaminate the surfaces in one operation. A detailed description of the
proposed decontamination procedure using oxalate-peroxide has been pub-
lished.*®

In summary, the reagent is 0.4 M sodium or ammonium oxalate with 1 M
Hy0,, adjusted to pH 4.5 with oxalic acid; it is used at 95°C. The pH
mist be controlled by pericdic additions of oxalic acid, since it tends to

rise spontancously. Above pH 6, which may be reached in 1/2 to L hr if the

18"GCR Quar. Prog. Rep. June 30, 1960, ORNL-29G4, pp. 51-54.

195, B. Meservey, J. M. Chilton, and D. E. Ferguson, "Decontamination
of EGCR Charge and Service Machines,”" ORNL CF-60-10-46 (Oct. 13, 1960). '
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pH is not controlled, the peroxide decomposes rapidly to O; and H,0. At
a pH of 4.5 and a temperature of 95°C, whole sintered UQ, slugs of the
ECGCR Lype can be dissolved in 2 to 3 hr, with a corrosion rate on mild
steel of about 0.007 mil/hr. At a lower pH, the corrosion rate is higher,
and the oxalate jion reacts at increased rates with the peroxide to produce
€0, and water. TFission product decontamination is better with this reagent
than with any other low-corrosion reagent tested. Ammonium oxalate is pref-
erable to sodium oxalabe because it is cheaper, more effective, more soluble,
and easier to dispose of than sodium oxalate.

Recent comparisons between peroxide-oxalate mixbtures and other reagents
have shown that these mixtures also rank high in decontaminating type 347

20 The corrosion rate of 1% Ho80, on type 347 stainless

stainiess steel.
steel at 95°C was reduced from 0.016 mil/hr to 0.001 mil/hr by meking it
1 M in Hp0p. Peroxide also reduced the corrosion rate of sulfuric-fluoride

mixtures.

Helium Purification System Studies

(J. C. Suddath, C. D. Scott)

Experimental data pertinent to the design of coolant purification
systems for high-temperature gas-cooled reactors and in-pile loops are
being obtained. The coolants under consideration are helium and carbon
dioxide with both radioactive and nonradioactive contaminants.

A kinetics study of the oxidation of H,, CO, and CH, in a flowing
stream of helium by 0, in & fixed bed of Girdler G-43 platinum catalyst

d. 21

has been complete The experimental tests were carried out in the 2-

in. ~diam oxidizer of the helium purification test facility described pre-

22

viously. Twenty-five tests were made to study the catalytic oxidation

205, B, Meservey, "Decontamination of EGCR Cowponents,” ORNL CF-G0-
12-37 (December 1960).

21c. D. Scobt, "Kinetics of the Catalyzed Oxidation of Hp, CO, and
CH, by Oxygen in a Flowing Stream of Helium," ORNL-3043 (in press).

22"GCR Quar. Prog. Rep. March 31, 1960," ORNL-2929, pp. 54—56.
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of Hy, at 500°C + 20°C and 300 psia with catalyst bed depths of 6 and 12
in. Two gas flow rates, approximately 28.4 and 93.0 std. liters/min,
were used for each bed size, and the hydrogen concentrations were varied
from 0.35 to 2.00 vol %. The data obtained in these tests are presented
in Table 3.4.

Fifteen similar experimental tests were made in the study of the
oxidation of CO. In these tests the bed temperature was 500°C + 25°C,
the pressure was 300 psia, and the catalyst bed depths were 3 and 6 in.

Three different gas flow rates, approximately 28.6, 49.3, and 92.4 std.

Table 3.4. Ixperimental Data from the Kinetic Study of the Oxidation
of 0, with O in a Fixed Bed of Girdler G-43 Catalyst

Initial Final
Run Bed Average Bed Total Gas Concentration Concentration
o Height Temperature Feed Rate
" (din.) (°C) (g mole/min) o, o Hs o

(vol %) (vol %) (vol %) (vol %)
4B 6 510 1.28 2.000 0.956 0.142 0.027
4C o 490 1.28 2.000 0.900 0.204 0.011
4D 6 500 1.28 2.000 0.887 0.238 0.006
4R 6 515 1.28 2.000 C.774 0.460 0.004
4F 6 490 1.28 2.000 0.691 0.500 0.002
5C §) 490 1.27 1.000 0.499 0.013 0.006
5D 6 490 1.27 1.000 0.503 0.012 0.009
S5E §) 490 1.27 1.000 0.517 0.003 0.018
6B 6 510 1.26 0.400 0.260 0.002 0.061
6C 6] 490 1.26 0.400 0.246 0.003 0.048
7A 12 490 1,27 0.830 0.413 0.007 0.001
7B 12 490 1.27 0.830 0.415 0.004 0.002
7D 12 500 1.27 0.830 0.411 0.002 0.001
7E 12 490 1.27 0.830 0.409 0.014 <0.001
g8 12 505 1.26 0.350 0.175 0.002 0.001
9A 12 495 4,15 1.010 0.481 0.052 0.002
oC 12 520 4,15 1.010 0.445 0.123 0.001
9D 12 500 4.15 1.010 0.399 0.214 0.001
10B 12 515 4,13 0.430 0.213 0.006 0.001
13A 6 490 4,15 1.050 0.418 0.217 0.002
11B 6 500 4.15 1.050 0.447 0.173 0.002
11C 6 510 4,15 1.050 0,474 0.124 0.002
11D 6 505 4,15 1.050 0.309 0.434 0.001
118 6 500 4.15 1.050 0.240 0.570  <0.001
12A ¢} 510 4,13 0.540 0.221 0.100 0.001
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liters/min, and CO concentrations from 0.425 to 1.94 vol % were used.
The data from these tests are presented in Table 3.5.

Seventeen experimental tests were made in the study of the oxida-
tion of CHg. The test conditions were the same as those used in the tests
with CO. The gas flow rates were approximately 28.4, 49.2, and 93.0 std.
liters/min, and the CH,; concentrations varied from 0.219 to 0.627 vol %.
The data obtained in these tests are listed in Table 3.6.

The experimental data have been correlated empirically in a manner

23

similar to that outlined by Weller. Apparent reaction rates and design

equations for determining the necessary bed volumes were determined.

23g. Weller, "Analysis of Kinetic Data for Heterogeneous Reactions,”
AIChE Journal, Vol. 2, No. 1, p. 39 (1956).

Table 3.5. Experimental Data from the Kinetic Study of the Oxidation
of CO with 0, in a Fixed Bed of Girdler G-43 Catalyst

Initial Final

Run Bed Average Bed  Total Gas Concentration Concentration
No Height Temperature  Flow Rate
= (in.) (°c) (g-mole/min) co 0, co 05

(vol %) (vol %) (vol %) (vol %)
5A 6 510 4,14 0.95 0.3767 0.1969  0.0003
6A 6 495 1.20 1.94 0.9613 0.0240 0.0033
TA 3 480 1.28 1.06 0.0307 0.99388 0,0001
7B 3 485 1.28 1.06 0.4192 0.2252 0.0018
84 3 520 4,14 1.09 0.3142  0.4624  0.0004
8B 3 515 414 1.09 0.3948  0.3060 0.0028
gc 3 520 4.4 1.09 0.4648  0.,1710 (0.0003
9B 3 510 1.27 0.463 0.0071 0.4498  0.0005
9C 3 490 1.27 0.463 0.0261 0.4112 0,0002
oF 3 510 1.27 0.463 0.2331 0.0316 0.0074
10A 3 480 4.10 0.425 0.1613 0.1096 0.0036
10B 3 500 4.10 0.425  0.,2105 0.0213 0.0086
10C 3 505 4.10 0.425 0.1956 0.0478  0.0070
11A 3 520 2.20 1.08 0.3372 0.4072  0.0008
11B 3 510 2.20 1.08 0.4234 00,2376  0.0022
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Table 3.6. FExperimental Data from the Kinetic Study of the Oxidation
of CH, with O, in a Fixed Bed of Girdler G-43 Catalyst

Initial Final
Run Bed Average Bed Total Gas Concentration Concentration
To Height Temperature Flow Rate
(in.) (°c) (g-mole/min) CH, o} CH, Op

(vol #) (vol %) (vol %) (vol %)
1B 0 490 1.277 0.4760  0.7149 0.1210  0.0049
1C 1§ 500 1.277 0.4760  0.5800 0.1806  0.00%2
24 6 560 1.280 0.5400  0.5092 0.2860 0.0002
2B 6 54.5 1.277 0.5400  0.3081  0.3860 0.0001
34 6 480 1.263 0.2190 0.0101 0.2140  0.0001
3C &) 490 1.272 0.2190 0.4746  0.0307 0.0982
S5A 6 505 4. 14 0.3520 0.5725 0.1034  0.0533
A 6 540 4 14 0.4450  (0.8708 0.0606 0.1020
7B 6 530 4. 14 0.4450  0.6500 0.1242  0.009%4
84 §) 530 4,12 0.3780 0.4770 0.1426  0.0062
9A 3 515 2.18 0.3660 0.0122 0.3600 0.0002
9B 3 490 2.18 0.3660 0.3666  0.1980 0.0306
aC 3 500 2.18 0.3660 0.5325 0.1325 0.0655
10A 3 480 1.272 0.3920 0.5351 0.1415 0.0341
108 3 530 L.272 0.3920 0.3639 0.2155 0.0109
11A 3 530 2.20 0.6270  0.7552 0.2550 0.0012
118 3 510 2.21 0.6270  0.7668 0.1488  0.0104

For hydrogen,
2yoO ",
<2yo Yy >1/2 T, * S
248F 0 "0 0 2
V = 1n 3
WGO' 65

2. =y,
5 l/ 2 yoo yHO
oo yHO> i, © ny> RS P

for carbon monoxide with less than stoichiometric oxygen,

1.05F

T 1.5 0.982 _ 1/2
TG (yCO 2yoo)

1/2 _ _ 1/2 1/2 _ )1/2
y VA 2y Y + (v 2y
< 1n [( Co) / ( % Oo) ] [( Cf) (Co o/ _J
1/2 1/2 1/2 . 1/2
NS + [y, - 2y, \/ Yo V72 = (v =2y, V/

.

X
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for carbon monoxide with greater than stolchiometric oxygen,

1/2
2,11F yc0
Vv = tan™d { . —

1.540.982 — 1/2 . _
mrre (Qyo Ve ) (2f 0 yc)
0 0 0 0

Y
Cf

VN TV
( OO CO)

1/2

— tan-?

for methane,

2.21F yCnyO
V = I1n 0 .

Cr2p0.772 2y —y vy
CHO OO CHO Of

In these expressions
V = volume of catalytic bed required, cm?,
F = gas flow rate, g-mole/min,

Yy ,yC > Yog» Yo initial mole fractions of H,, CO, CH,, and Oy,
0 0 i 0

Vi yc B yCH > Vg = final mole fractions of H,, CO, CH,, and O,
f T f £

7 = total pressure, atm,

mass flow rate, g-mole/cm2~min.

o]
i

EGCR Hazards Evaluation

Graphite Oxidation (M. H. Fontana)

In the event the main coolant envelope of the EGCR ruptures, air is
likely to enter the system. There are areas in the EGCR where unprotected
graphite surfaces are at temperatures exceeding 1100°F, and ignition might
occur at these surfaces. The containment vessel is not designed to with-
stand either the pressures and temperatures generated by combustion of a

significant fraction of the graphite or the increase in fission-product
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release which would accompany the oxidation excursion. Therefore, some
means is required to control or to eliminate graphite oxidation.

A two-phase experimental program is under way at Hanford?% to investi-
gate the EGCR graphite oxidation problem. The basic experimental study will
provide information on the effects of factors such as density, purity, coke
and pitch source, temperature, coolant flow rate, gamma-ray field intensity,
irradiation damage, surface area-to-volume ratio, oxygen partial pressure
in the coolant, prior oxidation, and water vapor in the coolant. Laboratory-
scale experiments are planned to test the validity of theoretical models in
the prediction of ignition conditions.

Along with the laboratory-scale studies, experiments are being con-
ducted with a similated EGCR fuel-channel and annulus assembly. This proto-
type is full scale in the radial direction and is 6 ft long, whereas the
EGCR channel is 19.5 ft long. Preliminary tests were run on the annulus
region of the fuel channel, and 1t was shown that run-away combustion could
be expected in the annulus at graphite Lemperatures of about 1100°F and
annulus flow rates equivalent to 6.5% of 40 000 lb/hr of air. The assembly
is being modified for tests of the effects of flow through the central chan-
nel with a simulated radiant heat load from the fuel element to the inner
surface of the sleeve.

Since it is probable that the sleeves will be subject to catastrophic
oxidation in the event of a rupture of the main coolant system if steps
are not taken to protect them, the following proposed schemes for protect-
ing the system have been studied:

1. Valve off the ruptured coolant system and allow the air that, has
entered the system to burn while continuing to cool the reactor with the
remaining coolant systeu.

2. Valve off the ruptured system and, while cooling the reactor with
the remaining system, provide a purge gas to reduce the oxygen concentrsa-
tion in the core or to prevent entry of oxygen to the core. The gases that

may be used are helijum, nitrogen, and carbon dioxide.

24M. H. Fontana and F. L. Carlsen, Jr., "Report on Trip to Hanford,
June 28-29, 1960, Concerning the Graphite Research Program Pertinent to
the BGCR," ORNL CF-60-7-78 (July 20, 1960).
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3. Completely isolate the reactor and remove the heat by external
cooling of the reactor pressure vessel.

4. Maintain the reactor blanketed with nitrogen.

5. Inject a chemical inhibitor such as chlorine gas, freon, or carbon
tetrachloride.

6. Use a solid-phase inhibitor in the graphite.

7. Cool the core by means of a water or fog spray.

8., Coat the sleeves with a nonreactive material and allow the modera-
tor to burn. The low air supply in the anmulus might reduce the heat from
combustion enough so that conduction of heat through the sleeve to the main
gas stream could remove both the chemical and decay heat.

It is believed that the instrumentation and control needed to determine
which system ruptured would be of sufficient complexity to rule ocut methods
1 and 2. In addition, the volumes of gas required for method 2 would be
quite large. Method 3 is considered to be feasible, although some fuel ele-
ment melting might occur in the center of the reactor. Shell cooling could
be obtalined either by eliminating the thermal insulation or by installing
cooling coils under the insulation. Method 4 would complicate operation of
the reactor and would require excessive design changes for providing a
localized inert gas blanket around all primary system components and piping.

Method 5 appears to be feasible inasmuch as chlorine gas has been shown
to be quite effective in inhibiting graphite oxidation,25 but the conse-
quences of inadvertent operation of the chlorine-injection system and the
precautions necessary to prevent it are considered to be too drastic for
this application. Method 6 would be the most desirable, but no inhibitor
is known at this time that possesses radiation stability. Method 7 is
feasible, but it suffers from instrumentation and control problems. The
consequences of accidental operatlion of a water spray system would not be
as severe as the consequences of chlorine injection, but it would be neces-
sary for the system to operate quickly when required. Further, the system

would have to be of sufficient reliability that testing would not be required

25R, E. Dahl, "Preliminary Evaluation of Chlorine for Use as a Gas-
Cooled Reactor Safeguard,” USAEC, HW-63902 (February 1960).
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during the lifetime of the reactor. This last requirement is a major
drawback.

Method 8 is considered to be the most promigsing of the possible means
of controlling the oxidation. Siliconized silicon-carbide coatings are
available, and preliminary tests have shown them to be stable in a radia-
tion enviromment. It is not practical to coat the inner surface of the
moderator because of its large size and the precise temperature and timing
control required to apply the coating. Furthermore, the integrity of this
coating over the lifetime of the moderator could not be assured. The
sleeves can, however, be coated to the degree necessary to provide oxida~
tion protection. This scheme does not require operation of any mechanism
or instrumentation, but it does require continued operation of one blower
after the accident. There is no reason at this time to expect both main
blowers to fail concurrently with release of the main coolant.

Analytical and experimental evaluation of thils scheme is now under
way. A digital computer program has been set up by Allis-Chalmers in which
the temperature transient from both decay heat and chemical oxidation heat
can be determined. Preliminary calculations have been made to determine
the steady-state temperatures required to remove the decay and chemical heat
based on the chemical reaction in the anmilus being limited by the supply
of air in the anmilus. It was found that an exit gas temperature of around
1200°F would result.

The computer study will provide a means for determining the effect of
stored heat in the graphite on the transient temperatures and reaction
rates as a function of time. By varying the percentage of the sleeve that
1s subject to oxidation, the required effectiveness of the sleeve coating
can be found. Also, the time after the accident at which blower operation
can be stopped and cooling instituted by the vessel cooling compressor will
be found.

The preliminary rate equation to be used was determined by a least-
sgquares Tit of results of six different investigators who have reported

26

data on oxidation of high-purity, reactor-grade graphite. The data were

283, W. Prados, "Estimation of Reactions and Heat Release Rates for
Graphite Oxidation,"” ORNL CF-60-10-131 (October 19, 1960)
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found to lie within a factor of 6 spread when correlated in terms of oxygen
partial pressure and active mass of graphite. First-order dependency on
oxygen partial pressure was assumed, and the active mass of graphite was
found by means of the depth-of-oxidation concept.

As the temperature of the oxidation reaction is increased, solid-
phase diffusion of the reactants to the oxidation sites in the graphite
and diffusion of the products out to the gas stream become the limiting
factors in the over-all chemical reaction rate. If it 1is assumed that
the reaction rate at any point within the graphite body is dependent on
the concentration of oxygen at that point, a profile of rate versus depth
from the surface can be found analytically. The depth-of-oxidation con-
cept consists of defining a pseudo depth of oxidation in which the rate
is the same as that In the surface of the specimen so that the total weight-
loss rate is equal to the integrated rate given by the analtyical solution.
It was found that this procedure was effective in reducing the spread of
the reported rates. Since graphite oxidation rates are quite sensitive
to factors such as coke and pitch socurce, impurities, etec., a factor of
6 spread was considered to be satisfactory. The least-squares fit of the

chemical reaction rates was found to be
k = 7.24 x 102 =22 100/T R (l)

where k is the weight fraction oxidized per hour and T is in degrees Kelvin.
Tn calculating the heat released by oxidation, this rate must be ap-

plied to the active mass of graphite to find the total weight loss per unit

surface area. The equation of heat release per unit surface area and unit

time is then

WD

= Alplk (2)

where Q/S is the heat release per unit surface area per unit time, A is
the chemical heat release per unit of mass burned, p is the density of the

graphite, L 1is the depth of oxidation, and k is the reactilon rate defined
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above. The depth of oxidation, L, is given by the expression

I = b , (3)
koRT

where M is the molecular weight of carbon (12.01), k is the reaction rate
defined above, R is the gas constant, T is the absolute temperature, and

D is the effective diffusivity for oxygen in graphite pores. The value

of Dp (in ft2/hr) can be found from the relation

0.233 ¢® 1 |7
= Z-.
P P (2'73) ) (4)

where ¢ is porosity (pore volume divided by total sample volume) and P

is the absolute pressure in atmospheres.
By combining Egs. (1), (2), (3), and (4), and substituting numbers,

the following equation for heat release was obtained:

) (5)

nio

P )0.25 -19 900/7
e

7
7.53 x 10 (;660

where, in this case, Q is in Btu/hr, S is in ft2, and T is in °R. Equa-
tions (1) and (5) were intended to be preliminary and subject to revision

as actual data on EGCR graphite became available from the Hanford tests.
Preliminary results show that the oxygen dependency is not first order,
being approximately 0.62 order at 500°C and 0.79 order at 600°C. The actual

EGCR graphite-air reaction data can therefore be fitted by the equation

- 9 .-23 600/T “
5pacr, air - 012 X 107 e . (6)

This equatlon is remarkably close to the least~squares equations found by

Prados?® over the temperature range of interest.
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At the present time 1t appears that coating of the sleeves will De
effective in inhibiting graphite oxidation in the EGCR. Experimental and
analytical work is under way to verify this, and work will continue in

evaluvating some of the other possgible schemes.

Tdentification of Maximum Credible Loss of Pressure Accident for EGCR
(A. N. Culver)

The loss of pressure accident that was described in the preliminary
hazards report for the EGCR27 was postulated to result from the double-
ended Tailure of the coolant-system plping. The double-ended failure was
assumed, initially, not because such a failure was believed to be credible,
but because the consequences of any other failure whose credibllity was un~
evaluated would not exceed the consequences of the double-ended fallure.
Such an assumption was Jjustified because information was not available at
the time the preliminary report was written for evaluating all possible
modes of failure.

Since the design is nearing completion, the AEC appointed a task force,
consisting of representatives from Kailser Engineers, Allis-Chalmers, Oak
Ridge Natlonal Laboratory, and the Tennessee Valley Authority, for the
specific task of establishing the largest or most serious loss of pressure
accident that can be considered as credible in the EGCR as it is beling
designed and constructed. The tagk force completed their assignment in
December 1960 with a report28 that discusses the modes of fallure which
are possible in high-temperature, high~pressure piping systems and then
reviews the fallure experience that exists in systems under somewhalt come-
parable conditions. This background information is then used in evaluating
the probability of failure of various parts of the EGCR coolant system.

The task force concludes in the report that the maximum credible loss-
of-pressure accident in the BGCR will not expose an areaz of the pressurized
helium system any greater than the cross sectional area of the largest pipe

if a number of recommendations are followed. Included in the recommendations

27 Experimental Gas-Cooled Reactor Preliminary Hazards Summary Report,"
ORO-196, with Supplement, May 1959.

28Unpublished report dated Decenber 1960.
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are (1) measures to physically restrict the displacement of piping in some
key locations, in the unlikely event of a circumferential failure, and (2)
statements which emphasize the importance of rigid control of specifica-
tions, inspection, fabrication, choice of materials, and testing. The

" in realistic

study points out the difficulty of defining "maximum credible'
terms. The credibility of a failure must necessarily be related to a
finlte probability, but the determination of the probablility cannot be
based on technical considerations alone. Although it may be possible to
eliminate many types of failure by proper design, there always exists a
small probability that human error has been introduced into design, fabri-
cation, inspection, or operation. Therefore although recommendations were
established to reduce the incidence of fallure, 1t was not possible to
eliminate the credibility of failure. Likewise, in determining the maxi-
mum size opening, the human error must be considered. Although the general
approach to the provlem is to use ductile materials so that if a failure
occurs it will result in small cracks or longitudinal breaks, the human
error which may be introduced into the materials during fabrication makes
it possgible that the ductility of the material may be reduced during its
lifetime. Thus, although recommendations are made to reduce the proba-
bility of such human errors, the possibility of a failure being larger
than expected in ductile material cannot be ellminated completely. A
single-ended failure is therefore defined as the maximum credible fajilure
based on (1) physically restricting the piping system in key locations so
that double-ended failure is not possible and (2) providing for inspec-
tions and tests to preclude the possibility of a nonductile failure for

the portion of the piping external to the biological shield.

Empirical Representation of Neutron Exposure
of Moderator Columns in BEGCR

(F. J. Stanek)

It is known that nuclear irradiation of graphite bodies causes di-
mensional changes, which, in turn, may induce severe internal stresses.

A study of such stresses and the strains is analogous to a study of the
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stresses and strains caused by temperature variations within the body. The
irradiation effect is primarily the result of fast-neubron exposure, and
the mathematical expression for the exposure replaces the temperature func-
tion in the theory of thermoelasticity.

Theoretical values for the fast-neutron flux distribution over the
mid~-plane of the core region in the EGCR have been obtained numerically,?®
but an analytical expression for the exposure is needed in evaluating the
induced stresses, Therefore an attempt was made tHto derive an empirical
formula that would give a good approximation of the numerical results, A
Tormula for each column that could be solved by simple analytical means
from a relatively small set of tabulated values was sought. The results
of this study>® are summarized here.

The general form of the empirical formula consists of 49 terms that
reduce to seven terms when one of the coordinates is held constant. The

Tormula is written in the following matrix form:

D(x,y) = [-1 y/16 cosBy cos2By cosdPy sinfy sin2py] A | -1
%x/16
cosPx
cos2px
cos4Bx
sinpx

sinZBx

where

1

D(x,y) exposure distribution over an individual 16-in. by 16-in.

graphite block in megawabt days per adjacent ton for a 20-yr
period times 1074,

X,y = rectangular coordinates for a single block,

B = W/S, a proportionality factor for converting linear coordinates
to angular coordinates,

A

7 by 7 coefficient matrix.

29"(QCR Quar. Prog. Rep. Sept. 30, 1959," CRNL-2835, pp. 3%.

30, J. Stanek, "Empirical Representation of the Neutron Exposure of
the Moderator Blocks in the EGCR," ORNL CF-60-9-4 (Nov. 11, 1960).
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The values of the 49 constant coefficients (the elements of matrix A)
of the general empirical formula were calculated from an original set of
81 values corresponding to points uniformly distributed over the cross
section of the column. The detailed development of the empirical formula
and the method for calculating the values of the 49 coefficients are given
in a reportBo that alsc includes the values of these coefficients for each
column in one octant of the core (10 columns), which is sufficient because
of the core symmetry.

A detailed graphical comparison of the empirical results with the
original numerical data for column No. 82 is given in Figs. 3.25 through
3.29, where the variation along one coordinate, y, is shown for the des~
ignated values of the other, x. The plot of the numerical data is shown
as a smooth curve and the values from the empirical formula are shown as
small circles, The cross section and the relative position of column No. 82

are shown in Fig. 3.30. The accuracy of the empirical representation for
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each of the other columns that contain four fuel channels is of the same
order of magnitude as that shown for column No. &2.

The empirical representation gives a very good approximation for those
columns which contain four fuel channels and is considered sufficiently
accurate, for most practical purposes, for those which contain less than
this number. There are three colums (in the set of ten) which do not con~
tain four channels, and the graphical comparison for each is also shown

in the report.30

Estimate of Trradiation-Induced Bowing of Graphite Columns

(5. E. Moore, W. A, Shaw)

Fast-neutron exposure will lead to lateral deflection or bowing in

each graphite column because the shrinkage in these menmbers will not be
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axi-symmetrical. The amount of unrestrained movement will be limited,
however, by steel bands around the periphery of the EGCR core. Therefore,
stresses will be induced in the columns from this source and lateral forces
will be exerted upon the structural mewbers at the top and bottom of the
core. Hence, an evaluation of the free lateral deflection for each column
is required as a basis for determining the stresses in the graphite and
for designing the support structures.

The exposure for a column can be described in the axial direction by
a cosine function, as shown in Fig. 3.31, but normal to the axis it is con-
siderably more irregular, as shown in Figs. 3.25 through 3.29. Lines of
equal exposure for a column cross section at the mid-plane are shown 1in
Fig. 3.32. The complicated nature of the flux distribution prochibits an
exact analysis of the bowing. An estimate can be made, however, by assuming
that the strain in the axial direction is unaffected by the transverse

stresses, or
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€, = 7§D +ec

where €, is the normal strain component in the axial direction, y is the
coefficilent of irradiation growth or shrinkage, D is the neutron exposure,
and ¢ is a constant (different for each fiber) such that plane cross sec-

tions remain plane.
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If a generic slice with length Az is taken from a column, as in
Fig. 3.33, according to the assumptions, each unrestrained fiber (i.e.,

C = 0) will elongate a length

eZAZ = yDAzZ
If the base plane of the slice is taken as a reference, then the top plane
will become a warped lrregular surface corresponding to the irregularity
of the flux. The assumption that plane sections remain plane requires that
the warped surface be approximated by a plane. The new configuration of
the slice is equivalent to a uniform extension plus a rotation of the top
plane relative to the base plane. Only the latter contributes to the bowing

of the column.

The neutron exposure of each graphite columm is a function of time,

4

t, as well as the space coordinates, This function is approximately of

the form
Tz
D(x,¥,2,5) = ¥(%,y,t) cos 5, 0<z<1
D(x,y,z) =0 , 1 <z <L
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Fig. 3.33. Geometry for Study of Irradiation~Induced Bowing.
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where I is the length corresponding to the intersection of the cosine curve
and the horizontal axis in Fig. 3.31, and L is one-half the column length
(116 in.). The length ! was taken as 100 in. in all cases, even though it
varies slightly from column to column. The function ¥(x,y,t), which is the
exposure at the reactor mid~plane may be obtained from the tabulated values
for the neubtron flux.

The unrestrained elongation of a longitudinal fiber of a slice Az in

length is

and the new posltion of each cross polnt relative to its original position

is given by

N

il

I

DO

= (7 £z =
gij (/Vij cos Z)Az s 0 <z l
where Wij is the tabulated exposure value for x =1 and y = j.

The equation of the approximating plane may be obtained relative to
the axes at the original position of the top surface (see Fig. 3.33).
Using the axes shown and dropping the subscripts, the equation may be

written in the general form
¢ = At + Bn +C .

The coefficients may be determined by using the computed data points Cij

for any values of z and Az. For convenience, let

_ f1g
Cij -*“*‘-“‘“f;; (—Wij)
YAZCOS 57
Then,
C.. =58 +Bny+C

iJ

so the flux data may be used directly in the calculations.

143



The coefficients K, E, and C have been computed by the method of least
squares for the nunbered columns in Fig. 3.34. Using these data, the radii
of curvature (the radius is designated by p in Fig. 3.33) and, hence, the
deflection compcnents in the x and y directions were calculated. The re-
sults are given in Table 3.7 for a 20-yr exposure time. From this table
it may be seen that column 93 has a bowing potential of 3.6l in. along

both axes.

Table 3.7. Unrestrained Bowing of EGCR
Graphite Columns

Deflection in x Deflection in y
Column . . . .
Direction Direction
No. . .
(in.) (in.)
67 1.65 1.65
79 0.50 ~0.95
a0 0.32 0.32
21 0.46 1.42
92 1.46 1.73
93 3.61 3.61
102 0.44 3.46
103 1.37 3.03
104 3.45 1.56
105 0.867 0.67
111 0.10 2.17
112 0.26 1.80
113 0.58 0.77
114 0.09 0.11
118 0.003 0.074
119 0.018 0.063
120 0.021 0.053

Structural Investigations of EGCR Through Tubes

Instantaneous collapse and creep buckling tests of type 304 stainless
steel cylindrical shells are being conducted in order to obtaln data appli=-
cable to the experimental tubes in the EGCR. The major portion of the work
consists of model tests, but specimens near the sizes of the tubing for the

reactor are also being used.
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Model Tests (J. T. Venard)

The primary objective of the creep buckling work is to obtain a criti-
cal pressure versus time correlation for specially machined round tiubes
with a common mean radius-~to-thickness ratio. In preliminary tests with
tubes nominally 0.750 in. in outside diameter and 0.025 in. in wall thick-
ness, one tube collapsed in 26 hr with an external pressure of 750 psi and
another collapsed in approximately 2800 hr with an external pressure of
600 psi.

The geometrical variables are also being studied in tests of 0.75-in.-
0.d. specimens with 0.015-, 0.020-, 0.025-, and 0.030-in. wall thicknecses
and 1.00-in.~o0.d. specimens with a 0.033-in. wall. The data for 0.75-in.-
0.d., 0.025-in.-wall shells will be used for the basic correlation.

Tests have been performed to determine the instantaneous collapse
pressure, PC, as a function of the ratio of the mean radius, r, to the
wall thickness, t, as well as the effects of the ovality ratio, k, which

is defined as the ratio of the minimum diameter to the maximum diameter,
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and wall thickness variations, V, which are defined by the expression

M1 experiments have been performed at 1200°F on specimens of type 304
stainless steel seamless tubing of essentially infinite length in diameters
of 0.75 and 1.00 in. The experimentally determined curve of Pc Vs r/t for
values of r/t ranging from 10 to 25 is shown in Fig. 3.35. The effects of
tube ovality and wall-thickness variations, respectively, are shown in

Figs. 3.36 and 3.37.

Prototype Tests (J. C. Amos, J. M. Corum, R. L. Maxwell)

Two sets of large-diameter test units made from commercial tubing are
being used in the prototype tests. For one set, 8.0-in.-o.d., 0.25-in.-

wall tubes are used, and, for the other set, 4.0-in.-o.d., 0.12-in.-wall
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tubes are used. The material
for the larger specimens is type
304 stainless steel, but the
smaller ones are made of both
types 304 and 347 stainless steel
so that the behavior of the two
materials can be compared.

The first of a series of
four 8.0-in.-0.d. tubes was
tested to determine tlie instan-
taneous collapse pressure. The
specimens were approximately 9 ft
long and were purchased in ac-
cordance with ASTM A-213 TP-304
specifications. The average
measured mean radius-to-~thickness
ratio was 15.00 and the ovality
ratio was 0.9947. The tube failed
under a pressure of approximately
805 psi, which agreed closely
with the results obtained in the
model tests despite the fact that
a portion of the tube was abt a
temperature considerably below
the maximum of 1200°F.

The test facility is an
electrically heated autoclave de-
signed to impose a 600-psi ex-
ternal pressure on a test specl-
men at 1400°F. A 6 1/2-in.-o0.d.
insert is used inside the test
specimen to prevent Jamming in-
side the autoclave as a result

of excessive deformation. Two
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separate alarm systems indicate collapse. The first utilizes an electri-
cal circult which rings an alarm bell when the specimen makes contact with
the steel insert. The second is activated by the pressure increase due to
a volume change in the annulus between the specimen and the insert.

In collapsing the first specimen, the system was pressurized to 50
psi with helium, and the autoclave was then brought up to temperature.
After the temperature was stabilized, the pressure was gradually increased
until the specimen collapsed. Because of limitations on heater control
imposed by the furnace design, large ltemperature gradients existed along
the length of the specimen. The average temperature along the unit im-
mediately prior to collapse is shown in Fig. 3.38; the positions at which
the diameter and wall thickness were measured before collapse are also
shown.

The collapsed specimen is shown in Fig. 3.39. It collapsed into an
elliptical shape with two bulges extending outward beyond the original
circular form and two extending inward to form two lobes. An examination

showed that the most pronounced change in shape occurred in the region
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that was at a temperature of 1200°F. This portion of the collapsed tube
is shown in Fig. 3.40. The original variation in outside diameter and
wall thickness around the tube at plane H (indicated in Fig. 3.38) is
shown graphically in Fig. 3.41l. A circle was chosen to represent the
nominal &.0-in. outside diameter. The actual outside diameter was drawn
by greatly magnifying the deviations from the nominal diameter. The wall
thickness variation was plotted in a similar manner. As an example of the
exaggeration, the actual diametral deviation at the 5-11 diameter was
40.0187 in., and the wall thickness deviation at point 5 was +0.0119 in.
Figure 3,41 1s actually representative of each cross sectlon along the
tube, that is, the maximum diameter occurred along diameters 4~10 and 5-11
in every case. In addition, the wall was thinner at points 9 through 12
at most cross sections. Thus, by observing from Fig. 3.40 that the maxi-
mum diameter after collapse was at the 4-10 diameter, it may be concluded
that the tube collapsed into the same shape as the original variations.

Al so, it may be seen from Fig. 3.40 that the thinner wall near point 11
deformed concavely outward while the thicker wall at points 2 and 3 re-
mained concave inward. Thus, the tube behaved as would be predicted from
the original dimensional variations.

Because of variations in material properties with temperature, the
axial temperature gradient probably had some effect on the specimen that
would be similar to the end effects for a short tube. Therefore additional
heaters with separate controls are being installed in the autoclave before >
the second specimen is tested. With these heaters and additional insula- ‘
tion at the top of the autoclave, a much more uniform temperature can be
obtained. &

One 4.0-in.-o.d., type 304 stainless steel tube and one 4.0-in.-o0.d.,
type 347 stainless steel tube have also been tested., Both specimens were
approximately 5 £t long and were purchased in accordance with ASTM A312-58T
specifications. The type 304 stainless steel tube collapsed under an ex-
ternal pressure of 590 psi while at a uniform temperature of 120C0°F. The
critical pressure for this tube also agreed with the results obtained from
the model tests. The type 347 stainless steel tube failed under an external

pressure of 990 psi, but the effective temperature was approximately 900°F.
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The tubes were mounted vertically in the test furrace with the type
304 stainless steel tube on top and the type 347 stainless steel tube under=-
neath., The alarm systems used Tor these tests are the same as those used
in the 8-in. tube testing facility. The tubes were evacuated and filled
with helium to a pressure of 15 psi. The furnace was then evacuated and
filled with helium to a pressure of 100 psi. Following this the furnace
was heated slowly to the desired temperature while simultaneously bleeding
the tube pressure to 10 psi. The pressure in the furnace was then gradually
increased by the additlion of helium until the top tube collapsed at a dif-
ferential pressure of 590 psi. The pressure was further increased until
the type 347 stainless steel tube collapsed at a differential pressure of
990 psi. The pressure required for collapse was affected by the fact that



portions of the lower half of the furnace were as much as 300°F below the
desired 1200°F temperature. This situation resulted Trom the addition of
cold helium.

The dimensional variations for both the type 304 and type 347 stain~
less steel specimens are listed in Tables 3.8 through 3.11l. Measurements
were made at seven planes along the length of each specimen. Points 1
through 6 in Table 3.8 were at 60-deg intervals around the specimens at
each plane.

The two collapsed sgpecimens are shown in Fig. 3.42. Both tubes ex-
hibited two-lobe collapse. For the type 304 stainless steel specimen the

pronounced bulge cccurred between points 1 and 2 along the upper end of

Table 3.8. Wall Thickness Variations of 4.0-in.-o0.d. Type 204
Stainless Steel Tube Collapse Specimen

Wall Thickness Variation from 0.120 in. in

Radisl Point of Thousandths of an Inch

Measurement at
60-deg Intervals

Distance of Plane of Measurement from Top of Tube

1t 1.5ft 2t 2.5t 3£t 3.5 4 Tt

1 -6 -9 ~14 ~14 ~13 ~11 -8
2 ~7.5 =10 -12 —-12 ~11 -8 ~3.5
3 -8 -8 -8 ~10 -9 -5 —2.5
4 0 +1 +2 —~2 -2 0 0
5 +3 +3.5 +2 —2.5 =3 -2.5 ~2
6 +L.5 —~1.5 =5 -8 -8 —6.5 —6

Table 3.9. Diameter Variations of 4.0-in.-o.d. Type 304
© Stainless Steel Tube Collapse Specimen

Diameter Variastion from 4 in. in Tnches

Diamete .
M;agireg Distance of Plane of Measurement from Top of Tube
1Tt 2 ft 2.5 Tt 31t 4 It
1-4 0.0149 0.0146 0.0148 0.0155 0.0156
2-5 0.0118 0.0121 0.0135 0.0145 0.0141
3-6 0.0141 0.0154 0.0198 0.0190 0.0162
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Table 3.10. Wall Thickness Variations of 4.0-in.-o.d. Type 347
Stainless Steel Tube Collapse Specimen

Wall Thickness Variation from 0.120 in. in

Radial Point of Thousandths of an Inch

Measurement at
60-deg Intervals

Distance of Plane of Measurement from Top of Tube

18 1.5 1% 2ft 2.5ft 31t 3.5ft 4 ft

1 -5 —8.5 -10 —14.5 -11.5 =9 7.5
2 ~-10 —12 -11.5 -10.5 ~5 -2 +1
3 7.5 -7 —2.5 ~1 +1.5 45 +7
2 +1 0 +4 +3.5 +5 +6 +5.5
5 +5.5 43 +5.5 +1 +0.5 0 —2
6 +1.5 -2 ~-3.5 ~8.5 -8.5 8.5 -9.5

Table 3.11. Diameter Variations of 4.0-in.-0.d. Type 347
Stainless Steel Tube Collapse Specimen

Diameter Variation from 4 in. in Inches

Dlameter Distance of Plane of Measurement from Top of Tube
Measured
1Tt 2 It 2.5 ft 3 ft 4 It
1-4 0.0167 0.0110 0.0110 0.0109 0.0155
2-5 0.0078 0.0107 0.0100 0.0106 0.0100
3-6 0.0076 0.0068 0.0105 0.0082 0.0048

the tube and between points 3 and 4 for the remaining portion. The pro-
nounced bulge occurred between points 1 and 2 along the entire length of
the type 347 stainless steel tube. An examination of the dimensional de-
viations and the collapsed tubes reveals some correlation between the col-
lapsed geometry and the original variations., However, the correlation is
not nearly as apparent as for the 8.0-in.-0.d. specimen.

Experimental Stress Analysis of a Spherical
Shell with an Attached Nozzle

(R. L. Maxwell, J. E. Smith)

When a structure is subjected to external loads which do not produce

large deflections relative to the dimensions of the member so that the
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which do not induce stresses beyond the limit of
elastlc behavior for the material, the stresses are
directly proportional to the applied loads. Thus
the total stresses resulting from combined loadings
may be obtained by linearly adding the stresses cor-
responding to each component separately applied, so
long as the elastic 1imit is not exceeded. However,
it was requested that this hypothesis be checked
experinmentally for the case of a single nozzle to
shell attachment®! because of the complex nature of
the stress distribution in the viecinity of the junce
ture. The results of this investigation are de-

scribed here to demonstrate the validity of super-

position for elastic stress calculations.

A spherical segment with a single nozzle radi-
ally attached at the apex>? was used, since this
test model was available from previous investiga-

33 The model was instrumented with strain

tions.
gages on both the inside and outside surfaces, and
strains were measured in the tangential and merid-
ional directions for the following loads: (1) 30-
psi internal pressure, (2) 2000-1b axial load downe

ward on nozzle, (3) 2000-1b axial load upward on

31private communication from Kaiser Engineers,
Oakland, California.

32"GCR Quar. Prog. Rep. Sept. 30, 1960," ORNIL-
3015, Fig. 2.7, p. 43.

33R. 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).

Fig. 3.42. Collapsed 4-in.-o.d. Specimens. Specimen A is a type 347
stainless steel tube and specimen B is a type 304 stainless steel tube.
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nozzle, (4) combined 30-psi internal pressure load and 2000-1b axial load
downwerd, and (5) combined 30-psi internal pressure load and 2000-1b axial
load upward.

The total tangential stresses at the inside surface are given in Table
3.12 for loadings 1, 2, and 4. The gage numbers correspond to the simi-
larly nunbered radial lines in Fig. 3.43, since the gages are locabted at
the intersections of these lines and the surfaces of the shell. The total
tangential stresses at the outside surface for loadings 1, 2, and 4 are
given in Table 3.13. Those at the inside and outside surfaces for loadings
3 and 5 are given in Tables 3.14 and 3.15, respectively. The values from
loading 1 are also included for convenience in making comparisons.

The tangential stresses at the inside surface along the profile of

the shell are given in Figs. 3.43 through 3.47. Those obtained by adding

Table 3.12. Total Tangential Stresses at Inside Surface
for Loadings 1, 2, and 4

Tangential Stress (psi)

Gage Loading 1, Loading 2,

. loading 1
No. 30-psi 2000-1b .
Tnternal Axial Load Plus Loading 4
Pressure Downward Loading 2

1 427 1493 1920 1921
2 374 903 1277 1262
3 399 396 795 766
4 387 252 639 620
5 362 308 670 635
6 389 257 646

7 375 256 631 631
g 386 225 611 618
9 390 204 594 601
10 374 208 582 533
11

12 388 129 517 456
13 349 116 465 436
14

15 218 159 377 281
16 137 104 241 223
17 67 104 171 135
18 —182 57 —125 -89
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Fig. 3.43. Total Tangential Stresses at the Inside Surface Along the
Profile of a Spherical Shell with an Attached Nozzle as a Result of 30-psi
Toternal Pressure Loading.

Table 3.13. Total Tangential Stresses at Outside Surface
for Loadings 1, 2, and 4

Tangential Stress (psi)

Gage Loading 1, Ioading 2,

No. 30-psi 2000-1b m?)‘ﬁgg L Loading 4
Internal Axial ILoad Loading 2
Pressure Downward

1 414 ~2693 —22'79 —2255
2 376 ~1616 ~1240 —1165
3 379 —699 —320 ~318
4 373 —176 197 237
5 343 145 488 531
6 343 256 599

7 314 303 617 602
8 333 258 591 515
9 497 241 738 675
10 347 174 521 547
11
12 370 125 295 477
13 365 88 453 456
14

15 275 69 344 376
16 144 20 234 253
17 24 79 55 57
18 —-182 57 ~125 -89
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Table 3.14, Total Tangential Stresses at Inside Surface
for Loadings 1, 3, and 5

Tangential Stress (psi)

Gage loading 1, Loading 3,

B Loading 1
No. 30-psi 2000-1%b .
Internsl Axial Load T“iillilig 3 Loading 3
Pressure Upward -
1 427 ~1518 —1091 —~1054%
2 374 —845 —471 —495
3 39¢ 408 -9 —23
4 387 229 158 159
5 362 —298 64 100
6 389 233 156 149
7 375 —235 140 73
g 386 —321 65 170
9 320 187 203 213
10 374 —147 227 212
11 —93 242
12 388 67 321 266
13 349 =52 297 247
14 51 189
15 218 -~52 166 145
16 137 -58 79 5
17 67 02 5 —26
18 ~182 —62 —242 =323

Table 3.15. Total Tangential Stresses at Outside Surface
for Loadings 1, 3, and 5

Tangential Stress (psi)

Gage Ioading 1, loading 3,

fo. “30 ~psi 2900— b Loi’iﬁ:g ' Ioading 5
Internal Axial Load Loading 3
Pressure Upward
1 414 2716 3130 3155
2 376 1549 1925 2019
3 379 737 1116 1092
4 373 216 589 559
5 343 —115 228 220
6 343 —246 97 38
7 314 --300 14 36
g 333 R4 g9 59
2 497 —252 245 143
10 347 145 202 156
11 123 242
12 370 -~100 270 267
13 365 =70 295 288
14 =77 265
15 275 77 198 177
16 144 —~73 71 104
17 —24 —93 =122 —-119
18 182 ~62 ~Phty —323
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Fig. 3.44. Total Tangential Stresses at the Inside Surface Along the
Profile of a Spherical Shell with an Attached Nozzle ag a Result of a 2000~
1t Axial Load Downward.
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Fig. 3.45. Total Tangential Stresses at the Inside Burface Along the
Profile of a Spherical Shell with an Attached Nozzle as a Result of a 2000-
1b Axial Load Upward.
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¥ig. 3.46. Total Tangential Stresses at the Inside Surface Along the
Profile of a 3pherical Shell with an Attached Nozzle as a Result of a Com-
bined 30~psi Internal Pressure Load and a 2000-1b Axial load Downward.
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Fig. 3.47. Total Tangential Stresses at the Inside Surface Along the
Profile of a Spherical Shell with an Attached Nozzle as a Resullt of a Com=
bined 30~psi Internal Pressure and a 2000-1b Axial Load Upward.
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‘ the stresses from loads separately applied are given in Pigs. 3.48 and

" 3.49. Comparisons of the stresses obtained from linear superposition of
axial and pressure loadings with those for the combined loadings show that
excellent agreement exists. Any differences are attributable to experi-
mental error. In addition, the fact that reversing the direction of the
axial load corresponds to changing the signs of the stress values is clearly
demonstrated. The observations made here in regard to the tangential

stresses are also true for those in the meridional direction.

Stress Analysis of Compressor Tor GCR-ORR Loop No. 2

(F. J. Stanek)

The compressors for GCR-ORR in-pile loop No. 2 have water-cooled
pressure~vessel bodies., The cooling water flows in a passage Tormed by
the outer surface of The shell and a thin metal jacket. AL one end the
shell attaches to a massive flange that forms a part of the volute, and

the Jjacket terminates within approximately 5/8 in. of this flange. The

UNCLASSIFIED
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Fig. 3.48. Total Tangential Stresses at the Inside Surface Along the
Profile of & Spherical Shell with an Attached Nozzle as a Result of a 30-psi
. Internal Pressure and a 2000-1b Axial Load Downward Applied Separately.
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Fig. 3.49. Total Tangential Stresses at the Inside Surface Along the
Profile of a Spherical Shell with an Attached Nozzle as a Result of a 30-psi
Internal Pressure and a 2000-1b Axial Load Upward Applied Separately.

temperature of the gas in the volute will range from 600 to 700°F, while
the maximum water temperature will be approximately 100°F. As a result,
high thermal stresses will occur in the region of the Jjunction of the
pressure~vessel body and the flange,

The thermal stresses may be reduced if the portion of the cyclinder
adjacent To the flange is held at or near the flange temperature. In=-
creasing the distance over which the temperature change occurs will also
reduce these stresses. Therefore a study was made to evaluate the effects
of these factors and to provide data for guldance in making design changes.

The pressure-vessel body behaves as an infinitely long, thin-walled
cylindrical shell with one edge fixed against rotation, as illustrated in
Fig. 3.50. Since a temperabure change that is linear with length occurs
in the Tlange region, an axisymmetrical temperature distribution with an
axial profile, as shown in Fig. 3.51, was used in the analysis. The two
length parameters discussed above are designated ¢ and b and a third vari-
able, the total temperature drop, is shown as Tg. The basic equations

employed are available from work done to provide solutions for a specific
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Fig. 3.50. Cylindrical Shell Model Used for the Stress Analysis.
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Fig. 3.51. The Temperature Function Used for the Stress Analysis.

application,34'35 but the results are applicable to any shell of the above
description.

The theoretical results are given in two parts. In the first part,
c is equal to zero and b is equal to 0.6, 1.8, and 3.0, while in part 2,
c is 1.6 and b has the values 0.6, 1.2, and 2.4. The values for the length
parameters are given in terms of the dimensionless axial coordinate, y,

for the shell. This coordinate is given by

y o= (BX »

34, J. Stanek, "Stress Analysis of Cylindrical Shells," ORNL CF-58-9-2,
(July 22, 1959).

35p, J. Witt, "Thermal Stress Analysis of Cylindrical Shells,” ORNL
CF-59-1-33 (March 26, 1959).

163



where x is the axial coordinate and $ is a shell parameter, which depends
upon Poisson's ratio for the material, the radius of the shell, a, and the
thickness, h. When Poisson's ratio is taken equal to 0.3, as was done in

this study,

1.6523
~  ah

82
The dimensionless axial bending stresses at the outer surface, (OX)B/EwT,
are given ag a function of the axial coordinate in Figs. 3.52 and 3.53.
The dimensionless circumferential membrane stresses, (Oé)m/EwTo, are given
in Figs. 3.54 and 3.55 and the dimensionless inward displacements, w/aaTo,
are given in Figs. 3.56 and 3.57. Here the symbols have the following

nmeanings:

0 = normal tensile stress, psi,

w = radial displacement, in.,

E = modulus of elasticity, psi,

O = coefficient of thermal expansion, in./in.-°F,

Tg = Ty ~ Ty, from Fig. 3.51, °F.

The numerical values listed below were assumed to apply to the com-

pressor:
h = 0.5 in.,
a = 4,0 in.,
E = 26 x 10° psi,
a =9 x 107% in./in.-°F,
To = 600°F.

Using these values,

ExTg = 140 400 psi,
a0Ty = 2.16 x 1072 in.,

0.9089 in.™ L.

il

p
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Fig. 3.52. The Axlal Bending
Stress when ¢ = 0.

UNCLASSIFIED
ORNL-LR-DWG 55198

0.4

0.3 — = : —

/N
0.2 i ‘ :

-/

(O’X)E JEaly

-0.1

-0.2

-0.3

DIMENSIONLESS AXiAL CCCRIINATE y

Fig. 3.53. The Axial Bending
Stress when ¢ = 1.6.
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Fig. 3.54. The Circumferential
Membrane Stress when ¢ = 0.
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Fig. 3.55. The Circumferential
Membrane Stress when ¢ = 1.6.
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Fig. 3.56. The Radial Displace-~
ment when ¢ = 0.
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If permanent deformation of the pressure vessel body 1s a limiting factor,
the maximum stress should not exceed approximately 30 000 psi. With this
criterion, the required values of b and ¢ become 2.6 and 1.2 in., respec-

tively.
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4, TEXPERIMENTAL INVESTIGATIONS OF HEAT
TRANSFER AND FLUID FLOW

(H. W. Hoffman)

Resistance-Heated-Tube Heat-Transfer Experiment

(W. J. Stelzman)

Analytical studies were continued based on the previcusly reportedl
data for experimental series 4-B (a septafoil cluster at a 231 ligament -

2 and an inlet modified

ratio spacing with a 60-deg-pad mid-cluster spacer
by the addition of several screensl). Mean axial heat-transfer coeffi-
cients, h, were calculated for each tube from the measured tube-surface

3 assuming complete transverse mixing of the gas stream; the

temperatures
results are given in Table 4.1. A study of these data shows that (1) the
variation of the individual mean coefficients from the average for the
six peripheral tubes at any axial level was significantly greater in the
section of the cluster upstream of the mid-cluster spacer (+7.5%) than in
the downstream portion (*2.0%), (2) the coefficients for tubes 1, 2, and
3 were, on the average, greaber than those for tubes 4, 5, and 6, and
(3) the mean heat-transfer coefficients for the central tube were markedly
below the values for the peripheral tubes, with the deficiency being as
high as —40% in the upstream section of the cluster.

The combination of the first two observations indicates that a flow
asymmetry existed in the experimental channel which started either in
the entrance plenum or in the screens at the channel entrance and was
largely wiped out by the mid-cluster spacer, Subsequent repetition of
a number of the series 4-B runs with altered inlet screen arrangements

showed reasonable agreement between the sets of data; this suggests that

1"a0R Quar. Prog. Rep. Sept. 30, 1960," ORNL-3015, pp. 48-53.
2"aOR Quar. Prog. Rep. Dec. 31, 1959," ORNL-2888, pp. 27-28.

3The mean temperature listed in Table 3.2 of reference 1 for pe-
ripheral tube 1 at L/de = 5 should be corrected to ready 408°F.
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Table 4.1. Axial Variation in Mean Heat-Transfer
Coefficient for Tubes of Bxperiment 4-B

Mean Heat-Transfer Coefficient (Btu/hr.ft2.°F)

Axial
Position, Peripheral Tube No. Central

L/d Tube,
© 1 2 3 4 5 6 No. 7
0 (3.5 43,7 445 42.8 4450 43.7 39.3
4 25.3 23.7  26. 22.0  24.9 23.9 16.2
8 25.1 24.0  206.2 22.7 24.9 24.4 15.1
12 25.2  24.2 206.6  23.6 24.7 24.4 15.1
16 25.3 24.4 25,9  23.7 24.2 24.4 18.8
18 25.3 24.7  25.8 23.9 23.9 24.7 20.3
20 47.8  48.8 49.2  47.3 46,6 47.1 41.8
24 3.6 32.1 31.8 30.8& 31.2 30.9 25.6
28 26.5  27.0  27.1  26.3 26,7 26.2 23.6
32 24.5 24.8  24.7  24.1 24.3  24.2 22.9
36 23.9  23.9 23.9 23.5 23.7 23.8 23.0
38 24.2  24.3 24,1 23.4 23.7  23.9 23.3

the skewed flow develops either in the upper plenum or in the transition
plece joining the gas supply to the plenum.4

The axial variation in the average value of the heab-transfer coef-
ficient for the six peripheral tubes 1s cootbrasted in Fig. 4.1 with that
for the central tube. It may be seen that upstream of the mid-cluster
spacer the central-tube coefficient is as much as 40% below the average
peripheral tube coefficient. This may be ascribed to diminished flow in
the inner region of the channel because of the restriction of the flow
in this area by tThe tube electrodes passing through the plenum chamber.
The gradual increase in h for the central tube beyond the x = G.3 level
signifies a process of flow redistribution between the inner and outer
regions of the channel. The effect of the mid-cluster spacer in
"smoothing" the flow is again shown by the nearly equal values for h for

both the central and peripheral tubes.

4“"GCR Semiann. Prog. Rep. June 30, 1959," ORNL-2767, pp. 76, 78.
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Fig. 4.1. Axial Variation of Average Heat Transfer Coefficient for

Experimental Series 4-B; vy = 2, N, = 50 500.

Re

A comparison of these data (peripheral tubes) with the results of
the series 2 experiment® (tubes 2, 4, and 6 with a 4:1 ligament-ratio
spacing and the experimental mid-cluster spacer4) and the results of the
series 4-A experiment® (tubes 4 and 6 only without inlet screens) is
given in Fig. 4.2. The data have been adjusted to a common base of
NRe = 50 500, assuming that h ~ N%ég. While a complete interpretation
of these curves with respect to both similarities and dissimilarities is
complicated by differences in geometry (e.g., the presence or absence of
specific screens in the plenum or channel entrance and the form of the
mid-cluster spacer), a number of general conclusions may be stated. The
close agreement in the downstream data for the y = 2 agreements (with
and without screens), as opposed to the differences observed between the

two curves in the upstream region, demonstrates the effectiveness of the

5"GCR Quar. Prog. Rep. March 31, 1960," ORNL-2929, p. 72.
6"QCR Quar. Prog. Rep. June 30, 1960," ORNL-2964, pp. 55-59.
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Fig. 4.2. Comparison of Average Heat-Transfer Coefficients for Ex-
perimental Series 2, 4-A, and 4-B at NRe = 50 500.
mid-cluster spacer in eliminating flow vagaries introduced at the channel
inlet., The existence of the minimum in the upstream portion of the ex-
periment 4-B curve for the peripheral tubes (at x = 0.125) is somewhat
uncertain in that the over-all variation in h (~0.5 Btu/hreTt?.-°F) is of
the same order of magnitude as the experimental error associated with
these measurements. Check runs have shown that this result is repro-
ducible, and it is planned to continue the investigation of this feature
of the axial variation in h at a fubure time. The difference between
the curves for the two spacing ratios (the heat-transfer coefficients
for y = 4 being approximately 15% below those for y = 2) results Ffrom
the severe reduction in the flow along the cuter side of the peripheral
tubes at the 4: spacing because of the nearness of the channel wall;
this flow deficiency appears to outweigh the effect of the correspondingly
greater Tlow in the inner region. For the central tube, however, the
consequence of the wider tube spacing in the series 2 experiment is an
increase in the mean heat-transfer coefficient to a value slightly (5%)

in excess of that for the peripheral tubes.
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Fabrication of the components for the model 4 apparatusl has been
initiated. Sufficient power has been provided to achieve a surface heat
flux of 18 000 Btu/hr:ft?, which will allow measurements to be made at
conditions equivalent to those projected for the hottest region of the
reactor. The thermocouple probes are being redesigned for operation at

higher ambient temperatures.

Mass-Transfer Measurements

(J. L. Wantland)

Recent mags-transfer experiments7 conducted with a model of the
EGCR Title-II cluster have Indicated thalt the mass-transfer factors (jM)
approach a higher asymptotic value in the downstream section of the tube
bundle than in the upstream region. The data ylelding this result were
obtained with rods on which the naphthalene coating extended over only
one-half the rod length. Two runs were necessary to obtain the variation
in jM over the complete length of the rod. Since this procedure introduced
the possibility of significant differences in operating conditions (such
as changes in the geometry, the gas velocity, and the gas btemperature, as
well as differences in the crystalline structure of the naphthalene sur-
face), a new rod was constructed that contained an active portion in both
the upstream and downstream halves of the rod.

The results of the run made with this "double rod" are compared in
Fig. 4.3 with the earlier data. The rod was located in position No. 1,
and there was O-deg relative orientation between clusters. All data have
been adjusted to include the effect of the free-stream naphthalene con-
centration at each axial level; the concentration is assumed to be uniform
in the region immediately surrounding the active rod (taken to be 1/6 of
the total flow area around the peripheral rods). The two sets of data
agree guite closely and thus negate the hypothesis that the higher asymp-
totic values of JM previously observed in the downstream cluster section

resulted from geometrical or operational variations. A suggested

""GCR Quar. Prog. Rep. Sept. 30, 1960," ORNL-3015, pp. 53-56.
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Fig. 4.3. Comparison of J-Facbors Obtained in Mass-Transfer and Heat-
TransTer Experiments.
explanation for the discrepancy is the possibility of increased turbulence
in the downstream region (originating in flow disturbances introduced by
the mid-cluster spacer). This seems somewhat questionable in that the heat-
transfer results (see Fig. 4.3 and discussion in preceding section on heat
transfer) obtained with the same geometry, except the inlet and exit spiders,
do not exhibit this same characteristic. The study of this phenocwmenon is
being continued.

8 of the canses of the deviation between the

An idindependent analysis
heat-transfer and mass-transfer results has suggested that the differences
arise from the nonisothermal nature of the tewperature field, as opposed
to the essentially uniform concentration field. The possibility of a de-

finitive experiment is being investigated.

Velocity Distribution Studies

(F. E. Lynch)

The accumulation of data for delineating the velocity field in the

downstream element of two EGCR clusters has been conbinued using the

85ee section on EGOR Fuel Assemblies in Chap. 3 of this report.
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experimental apparatus and procedure previously described.? Since making
the measurements needed for drawing a detailed velocity contour map at
any axial position is time consuming, three different experimental as-
semblies were used in order to expedite the program. The units have been
designated velocity models 3, 4-A, and 4-B and are all basically 4/3~
scale representation of the EGCR cluster. Models 4-A and 4~B have a
cluster length of 44.8 L/de (equivalent to the EGCR) ; Tor model 3, the
cluster length is 54 L/de and the mid-cluster spacers are located off
centert® at 22.4 L/de above and below the central pair of spiders. The
pitot probe for model 4-B is radially adjustable, in conbrast to the
fixed probes used in models 3 and 4-A. Despite probe calibration, some
differences have been observed in the data obtalned in the model 3 and
4-A systems; operation of the model 4-B apparatus has just been initiated.
A comparison of typilcal profiles is given in Fig. 4.4 at L/de = 26.0; the
deviation in magnitude is of the order of 8%, while the profile shape re-
mains essentlally unchanged. It is possible that this effect may be re-
lated entirely to small differences in counfiguration of the mid-cluster
spacers for the two systems, since the profiles are obtained immediately
downstream of the spacer. This problem will be considered further when
data are obtained from the model 4-A system at other axisl levels.
Velocity measurements for rods 1, 2, 3, and 7 (see Fig. 4.5 for scheme
used to designate rod positions and cluster orientations) have been com-
pleted at the probe position R = 0.05 in. (measured radially outward from
rod surface) at NRe ~ 50 000. The effects of rotational crientation of
the two clusters (0, 15, 30, 60, and 90 deg) at four axial levels (L/de =
3.9, 20.9, 26.0, and 52.8) were studied. Typical results are shown in

°"GCR Quar. Prog. Rep. June 30, 1960," ORNL-2964, pp. 67-80.

10"GCR Quar. Prog. Rep. Sept. 30, 1960," ORNL-3015, pp. 63—67. A
number of errors have been inadvertently included; thus, (1) the profiles
(not the captions) of Figs. 3.7 and 3.10 should be interchanged, (2) the
abscissas on the velocity profiles of Figs. 3.9, 3.10, and 3.11 should
be reversed so as to read from 360 backward to O deg, (3) the ordinate
for the 90-deg veloeity profile (Fig. 3.10 corrected) should be shifted
to read from 0.9 to 1.2, and (4) all velocity profiles at L/d_ = 3.8
should read L/de = 3,9, e
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Fig. 4.6 for a relative cluster

orientation of 90 deg. The major

g differences in the profiles occur
24

= in the vicinity of the flow ob-

§ structions created by the struc-

lz tural members of the spiders and
E

are similar. At L/de = 3.9, rod

120 160 200 240 280 320 380 No.
8, ANGULAR POSITION (deqg)

G O S|

' ' ) spacers; again, the profile shapes
464,

1 shows a suppression of the

flow in the 0-deg regilon because

Fig. 4.4. Comparison of Circum-
ferential Velocity Profiles Obtained
in Model 3 and Model 4-A Experiments. cf the web supporting the boss for

of the presence in the lower spider

the central tube; Ior rods 2 and 3, the velocities rise smoothly to a maxi-

mum near O deg. The effect of the spacer pad in the 180 * 30-deg region

is apparent in the profiles at L/d = 26.0. As speculated previously, the

differences in depth of the minima (WBOm over-all) probably reflect small

geometrical variations. The agreement in the profiles at L/do = 20.9 and

52.8 is excellent, indicating that the influence of the spide;s and spacers

on the profile shape disappears within as short a distance as L/de = 17

(actual flow length is 14 in.). A comparison between the profiles at

these two levels shows, however, tnal the length of unobstructed bundle

required to affect an equilibrium flow pattern is L/de = 27 or greater.
Contour maps showing the velocity distributions in the 120-deg segment

containing rods 1, 2, 3, and 7 are given in Fig. 4.7 (L/de = 3.9) and

Fig. 4.8 (L/de = 26.0). Tt should be noted that the angular rotation is

opposed to the convention indicated in Fig. 4.5 (i.e., the patterns have

been drawn as viewed looking in the direction of flow). The result of

a much more detailed evaluation of the data atb L/de = 3.9 (obtained by

cross plotting along radial lines emanating from the centers of each

rod) is given in Fig. 3.19, Chapter 3, this report. These Tigures may

be compared with those published earlier'! for a situabion in which an

effort was made to minimize flow disturbances due to the tube support

L"GCR Quar. Prog. Rep. Dec. 31, 1959," ORNL-2888, pp. 60-62.

176



UNCLASSIFIED
ORNL-LR-DWG 52154

60~deg ORIENTATION 90-deg ORIENTATION

Fig. 4.5. Designation of Rod Positions and Relative Cluster Crienta~
tion of Adjacent Title-II Design Spiders as Fxamined in Experimental
Studies with EGCR Rod Clusters.

structures; the result (Fig. 4.9) is repeated here for reference. The
additional complications introduced by the spiders are clearly visible;
in contrast, the spacers appear to have much less influence on the gross
flow. Experiments to provide similar characterization of the flow at

positions far removed from the spiders and spacers are in progress.

Gas ~-Mixing Experiments

(¢. J. Kida)

All studies performed to date in the effort to establish the thermal
characteristics of the BEGCR fuel-rod cluster have suggested that rela-

tively little mixing occurs between fluid streams moving 1n the set of
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Fig. 4.6. Axial Comparison of Circumferential Velocity Profiles for
Rods 1, 2, and 3 at a 90-deg Relative Cluster Orientation; vy = 2, N_ =
50 000. Re

12 interconnecting channels defined by the element geometry. Under such
circumstances, a serious possibility exists that there will be "hot-
streaking,” with its attendant problems. An experimental program has
therefore been initiated for determining qusntitatively the magnitude
of both intra- and intercluster gas mixing and, if necessary, to investi-
gate techniques for increasing such mixing. A byproduct of this study
will, of course, be an improved understanding of the results obtained
in both the heat-transfer and mass-transfer experiments.

In the experimental technique being utilized, a small amount of
tracer gas (which has a thermal conductivity different from that of
the main gas stream) is continuously injected into the gas stream at
a given point In the flow channel. At one or more stations downstream
of this injection point, a sample of the gas mixture is drawn off and

passed through a thermal conductivity comparison unit, which compares
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Fig. 4.8. Velocity Contours in an EGCR Channel; L/d_e = 26.0, O-deg Relative Cluster Orientation,
~ 50 000,
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Fig. 4.9. Velocity Contours in a Septafoil Channel with Rod Support
Structures Designed to Give Minimum Flow Disturbance; L/d =23, N, ~
Re
52 000, vy = 2.

the thermal conductivity of the gas nmixture with that of the main gas
stream without tracer gas. This comparison of the thermal conductivities
of the two gases is a function of the concentration of the tracer gas in
the main gas stream at the point of sampling. The thermal conductivity
comparison unit is calibrated by comparing gas mixtures of known concen-
trations with pure channel gas. For small concentrations of channel gas,
this calibration for all practical purposes is linear. By taking samples
at several stations in a given radial plane downstream of the injection
point, the distribution of the tracer gas and hence the degree of gas
wmixing can be determined.

The experimental apparatus used in the initial studies is shown in
Fig. 4.10. It consists of three full-scale EGCR clusters, each of which
can be rotated with respect to the other two. The flowing gas is atmos-
pheric air (at Nﬁe ~ 50 000) ; helium is used as the tracer gas because
of the large difference in thermal conductivity between air and helium.
Injection and sampling is possible at 12 stations at each of three axial

planes in each of the three clusters as is shown in Figs. 4.10 and 4.11.
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CONDUCTIVITY
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Fig. 4.10. Apparatus for Gas-Mixing Studies.
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Fig. 4.11. Schematic Diagram of Gas-Mixing Study System Showing In-
Jjection and Sampling Stations.

The points a and b in Fig. 4.1la correspond roughly to points of velocity
maxima in the six inner and six outer flow reglons.

A photograph of a double probe is shown in Fig. 4.12. The two sampling
tubes (one coincides with point a and the other with the corresponding
point b) are fabricated of stainless steel hypodermic tubing. 8Six double
probes, arranged as shown in Figs. 4.10 and 4.11, are used to conduct a
traverse of 12 points at a given axial plane. The individusl sampling
tubes are alternately connected to the conductivity comparison unit by
means of a manifold and a system of valves.

For the first study, all three clusters were directly aligned. Helium

was introduced in sequence at the twelve injection stations ("I" of
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INCHES

Fig. 4.12. Sampling Probe Used in Gas-Mixing Experiments.

Fig. 4.11) just downstream of the first lower spider. For each injection,
concentrations were measured at each of the 12 sampling stations at the
axial positions (81, S, etc.) shown in Fig. 4.11.

The preliminary results of this experiment are shown in Fig. 4.13.
These data have been averaged for the six inner injection stations and
the six outer injection stations in order that average trends can be ob-
served. The data indicate that radial mixing of the gas stream 1s more
prevalent than is mixing in a circumferential direction. The peaks in
the O-deg curves for interior injection with peripheral sampling, Fig.

4.,13b, and for peripheral injection with interior sampling, Fig. 4.13c,
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Fig. 4.13. Concentration Profiles in an EGCR Channel; O-deg Relative
Cluster Orientation, NRe = 50 000.
appear to be due to radial mixing of the gas streams accompanied by dif-
fusion of helium into the alr. Complete diffusion of helium into the
air stream does not occur for several cluster lengths. From these pre-
liminary data, it is diffieult to ascertaln any definite mixing across
the gpiders or spacers, and it is evident that more detalled traverses
will be needed.

Injection and sampling probes have been developed that will allow
complete radial movement of the probe. The central cluster has been
modified to contain several more axial probing locations, each consisting
of 12 equally spaced radial probing positions (rather than six, as pre-
viously used). The probe manifold has been discarded, and only one sam-
pling probe is used at a time.

Experimentation is being continved, and flow across spider palrs and
mid-cluster spacers is being studied, as well as the effects of cluster

orientation.
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5. MATERIALS DEVELOPMENT
(7. H. Coobs)

Fabrication and Physical Properties of UQ,

Powder Processing and Fabrication of UOQ, (A. J. Taylor, J. M. Robbins)

Experimental work has been completed on fabrication techniques for the
development of controlled grain sizes in the miniature UO,-irradiation speci-
mens for the LITR experiments. A series of pellets with two different
oxygen-to~-uranium ratios was sintered under varying conditions of time and
atmosphere. It was determined that grain size in these pellets could be
controlled over a range from 10 to 60 p while sintering the pieces to
dimensional tolerances of #0.001 in. and densities of not less than 10.3
g/cm3. It was observed that argon has a strongly depressing effect on
the grain growth of UO,. For example, after sintering 5 1/2 nr in hydrogen
at 1750°C, a grain size of approximately 60 p was obtained; whereas under
the same conditions of time and temperature in argon, the grain size was
only about 15 p. When sintering is conducted in argon, hydrogen is intro-
duced during the last 30 min to reduce the oxygen-to~uranium ratio to less
than 2.01.

Attempts to grind or polish thin plates of U0, or ThO,-U0, to a thick-
ness of 0.030 in. for use in instantanecus fission-gas-release experiments
in the ORR (see Chap. 6, this report) have been almost completely un-
successful. Therefore the shape of the plate was changed from rectangular
to circular in order to increase the chances of sintering plates directly
to the required thickness. A test series of circular plates was made, and
thickness and flatness both proved to be controllable to #0.001 in. These
techniques are now being coupled with those developed in the grain-size
study in order to produce plates with the required dimensions, density,
and grain size.

Fabrication was started on UOQ, disks, 1.6 in. in diameter with a
thickness of either 1 or 0.5 in., for use in radial-heat-flow thermal-
conductivity studies. The final thickness will depend on the technique
that must be used Lo achieve the required Tinal density. Standard fabri-

cation technigues have not yet yielded the required density without the
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formation of laminations, and isostatically pressed pleces have either
been distorted by the pressing or have cracked during sintering. Binders
are now being blended with the U0, powder in order to form these pieces

directly to the required size and density.

Thermal-Conductivity Studies (T. G. Godfrey)

The development of the radial-heat-flow apparatus is continuing with
the goal of achieving the most reliable and accurate experimental method
that is compatible with the existing equipment.l Data analysis revealed
the need for further equipment changes in order to (1) insure more uniform
internal temperatures, (2) permit intercomparisons of thermal emf's, (3)
allow the use of automatic temperature controllers, (4) increase the accu-
racy of the date, and (5) provide for simple equipment assembly. Some of
these changes have been made and their effects evaluated by measuring the
thermal conductivity of a specimen of INOR-8 alloy that was readily avail-
able and applicable as a test specimen. Tmprovements in the data that are
attributable to the changes in the apparatus are reflected in the following
thermal-conductivity values for INOR~8 which, wnen plotited, fall within

+1% of a straight line:

Temperature Thermal Conductivity
(°c) (w/cm-°C)
360 0.1680
455 0.1861
563 0.2052
645 0.2196
703 0.2318

Thermal lIxpansion of Dished Pellets (W. R. Martin)

The thermal expansion of U0, pellets having a 0.003-in. concave dish
on one end or both ends has heen measured at central pellet temperatures

up to 3000°F. Within experimental error, the dimensional behavior of

1"GCR Quar. Prog. Rep. March 31, 1960," ORNL-2929, pp. 87-91.
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double~dished pellets is equivalent to that of the pellets dished on one
end only.

Bulk~Density Measurements on Small Trregular Particles (Mary P. Haydon,
A. J. Taylor, J. M. Robbins)

A solid-embedment technigue for measuring bulk density is being
developed in comnection with a study on the characterization of UQ, parti-
cles. The method is applicable also to measurements of the bulk density
of irregularly shaped UQ, fragments taken from irradiation experiments.

The technique consiste of embedding a known weight sample in an epoxy resin
whose density is known, measuring the total volume of sample and resin,

and obtaining the sample volume by difference alter calculating the volume
of the resin from its known weight and density. The features of the tech-
nigque presently under study are the selection of a resin with the most
suitable embedment characteristics, methods of keeping air from being
trapped within the mass of the sample or on the surface of the particles,
and methods of avoiding penetration of the pores by the resin in its fluid
state.

It is necessary to work with particles of known bulk density in order
to satisfactorily evaluate the technique. Fused UO, was selected as one
study material, since the fine, crushed particles should have a bulk density
equal to the theoretical density (10.95 g/ecm®) and the densities of even
pieces having volumnes as large as several cubic centimeters should be very
close to theoretical density. A second type of particle of a known low
bulk density (5.86 g/cm?®) was made by crushing UQ, pellets of this density
and sizing the particles.

The results presented in Table 5.1 provide a comparison of the densi~
ties obtailned with the mercury-pycnometer technigue and the solid-embedment
technique, as well as the resulﬁé obtained with two different resins. In
each case the low results for the crushed, fused UO, particles (samples
4, 5, 6, and 7) resulted from the entrapment of air with the sample. This
error is aggravated with Castolite resin because of thermal expansion
during curing; the inaccurate values obtained with this material indicate

that this error is significant. No air wae trapped in the embedments

191



Table 5.1. Bolid-Erbedment and Mercury-Pycnometer Measurements of Bulk Density of Jo,

Measured Bulk Density (g/cm®)

Sample Volume of Known
Szuple T S T ity
mp ype No. aml()i_iagsed ??;i’;g‘)/ Mercury- Cazstolite Castoglas
. & = Pycnoreter Embedment Embedment
Single, large pieces of 1 ~0.7 10.95% 10.52
fused U0, 2 ~0.7 10.95 10.72
3 ~0.7 10.95 10.95
Fused U0, crushed and sized
“+
to
=70 +100 mesh 4 ~1.2 10.95 10.78
-70 4100 mesh 5 ~1.2 10.95 10.78
-100 +140 mesh 6] ~1.2 10.95 10.306 10.63
-1C0 +14C mesh 7 ~1.2 10.95 t0.36 10.60
Fabricated pellet, whole g 4,609 5.78 6.04
~40 +60 mesh particles from 9 ~1.6 5.86 7,79
crushed, fsbricated pellets 10 ~1.6 5.86 7.78

Fheoretical value.

containing single, large pieces of fused UO, (samples 1, 2, and 3). The

low values obtained with Castolite resulted solely from the thermal ex-
pansion problem. Very little air was trapped with the particles from the
crushed pellets (samples 9 and 10); the high value obtained for bulk density
was caused by penetration of resin into the porous material. The depth

of penetration was not great for any individual particle, but the increase
in the measured density over that of the whole pellet reflects the in~

creased surface-to-volume ratio of these samples.

Fission-Gas-Release Studies (J. L. Scott, D. F. Toner)

When neutron-activation tests on UQ; pellete for the EGCR were begun
at ORNL, it was considered advantageous to obtain independent results on
duplicate pellets as a check on the procedure. Since similar tests were
being run at Chalk River, a formal agreement between the AEC and AECL was
made under which ORNL was to supply UOs; pellets to Chalk River together
with the data required to characterize the material. These pellets were
to be tested at AECL while duplicate pellets were being studied at ORNL,
and the results of the two series of tests were then to be exchanged.

The results of the tests that have been completed to date are pre-

sented in Table 5.2. Two pellets from each lot of UQ, were supplied to
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Table 5.2.
Chalk River®™ and the Oszk Ridge

o T

on Duplicate U

Comparison of Values of the Release Rate Parameter (D/) Obtained at
Netional Laboratory

O, Pelletls

BET ) g DY Values DY Values
U0 _qO? Bul% Surface Og?gey-to- Obtained at Obtained &t U0z
Sample Enrichment Manufacturer Density Uranium o N . Sample
, o 235" 3 Ares, s ORNL Chalk River . .
No. (% U232} (g/cm?) (cn? /) Ratio (sec™1) (sec™1) Designation
1.803 General Electriec 10.27  12.7 2.002 5.92 x 107t GE-5
.803 Genersal Blectric 10.27 12.7 2.002 GE=5
3.052 ORHL 10.47  89.2 2.006 7.68 % 10711 1.17 X 1071 1173
4.28 x 10711,
5.43 x 107t
4 3.052 ORNL 10.47  89.3 2.003 1.47 x 1074, 1173
1.92 x 107
5 0.22 Mallinckrodt 10.23 2.9 2.002  4.72 x 107, 1.25 x 10710, 25-8
1.15 x 107*3, 1,03 x 1079,
1.1 x 1073 6.85 x 10712,
5.94 x 10712,
2.67 x 10712
6 0.22 Mallinckrodt 10.23 2.94 2.002 1.33 x 1071 25-8
1.65 x 10711,
2.48 x 107t
7 0.7115  NUMEC 10.39 28.6 2.003 2.51 x 10~%3 6.1 x 10712 34-30
1.26 x 0=t
.12 x 107
5.34 x 107**
8 0.7115  NUMEC 10.39 28.6 2.003 1.28 x 10743 34-30
3.55 x 1012,
9.35 x 10-12
3.91 x 10712
9 0.22 Davison 10.25  34.2 2.011 6.7 x 1072,  3.47 x 107F, 33-5
1.5 x 10-1% 3.63 x 1010
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Table 5.2 (continued)

. ) BET B D’ Values D’/ Vzlues .
R Yoz _ Bulk g prace PTECDLO i oined st Obsained &t Y02
Sample Enrichment Manufacturer Density Uranium ) N . Sample
o (% U235) (v/crp3 ) Areca Ratio CORNL Chaik River Desisneti
. ] 2 1 (cmZ/g) 1 (Sec-l) (sec“l ) ignatlion
10 0.22 Davison 10.25 34.2 2.011 4.6l x 1070, 33-5
7.49 x 1071
1.97 x 107,
2.3 x 1071t
11 4. 59 Babcock & Wilcox  10.06 58.0 2.009 2.82 x 107t 2.15 x 10711, 50=6
2.26 x 1011,
3.24 x 10T
12 4. 59 Babcock & Wilecox  10.06 58.0 2.009 2.75 x 1071t 50-6
2.83 x 1071,
6.39 x 1011
13 4.19 Babcock & Wilcox 10.02  18.9 2.002  6.98 x 10712 1.97 x 107! 51-5
2.02 X 107+,
2.46 x 1074
14 4.19 Babcock & Wiicox  10.02 8.9 2.002 2.15 x 107+, 51=5
2.20 x 0=+
15 4. 50 General Blectric  10.48 7.7 2.002 3.24 % 10714 2.5 x 1072, GE-6
3.9 x 10712
16 4. 50 General Electric  10.48 7.7 2.002 1.9 x 10742, GE-6
2.3 x 10-%?
17 3.02 CRNL, 10.39 1.5 2.003 1.48 X 1079 35
3.47 x 10719,
3.58 x 10°*°
18 3.02 ORNT, 10.39 11.5 2.003 1.68 x 10~*0, 35
1.14 x 10™10

“Personal comminication from W. H. Stevens to J. L. Scott, August 22, 1960.



Chalk River so that the results obbained on a given pair of samples should
be identical. The ORNL data were obtained on a third pellel from the same
lot of material. In both cases the D’/ values were computed from the finsl

slope of the curve of the fraction of Xel33

released versus the square
root of time; however, the duration of a single test at Chalk River was
3 hr, whereas tests at ORNL were conducted over time periods of 9 to 30
hr. The sample size also differed in that in the tests at Chalk River
pieces of UQ, weighing 50 mg or less were used, whereas the samples used
at ORNL weighed 200 to 500 mg.

A comparison of the ORNL and Chalk River data with recent data from
Harwell? is shown in Fig. 5.1. Data for duplicate pellets tested at ORNL

and Chalk River may be compared
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e e S e =TT N G GEEIE on the basis of identical BET
== » TONER AND SCOTT (ORNL) } THT )
G ~ o STEVENS (CHALK RIVER) i ; surface areas. According to the
o - -~ ——LONG &7 a/, (HARWELL) i
R RETICA ;E diffusion theory of fission-gas
<L — B i 3
wi
Z i release, a plot of the log of the
()
©
g ' surface area versus the log of
=2
g D’ should yield a straight line
@ . . - - L)
o° It ‘Lw, with a slope of 0.5. The data
0" 107" 0712 07" 1070 1079
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agreement with the theory and

Fig. 5.1. Relation of D’/ to BET
Surface Area for Duplicate Samples of
UOy Tested at ORNL and Chalk River. Steveng indicate, in Fig. 5.1,

with one another. The data of

that there is no correlation between the BET surface area and D/, but the
data are in agreement, for the most part, with the data obtained at Harwell
and ORNL for high-surface-area pellets. Values of D’/ obtained by Stevens
for pellets with low surface areas would be expected to be higher than the
true values, because the small sample size results in a relatively high

ratio of the geometric surface area to the total surface area.
g

2G. Long, D. Davies, and J. R. Tindley, "Diffusion of Fission Products
in Uranium Dioxide and Uranium Monocarbide,” Paper presented at the First
Conference on Nuclear Reactor Chemistry, Gatlinburg, Tennessee, October 12,
1960.



It is concluded therefore that there is reasoconable agreement between
the data of the different investigators and that the BET surface area is
a useful measure of the fission-gas~retention properties of U0, if no

structural cnanges occur during irradiation.

Advanced Fuel Materials Development

Fabrication of Fueled BeO Bodies (R. L. Hamner)

Fine-Grained Fuel Dispersions in BeO. Fueled BeO-UQ, specimens con-

taining 30 vol % UO, enriched 20% in U?3° for studies of fission-gas-
release rates and specimens containing 30 vol % UO, enricned 50% in U277
for high-temperature irradiation experiments have been fabricated. The
fuel was introduced in these specimens as a fine-grained dispersion of
submicron-size UO, powder, and the specimens were fabricated to close di-
mensional tolerances in the form of hollow cylinders by cold pressing and
sintering. The densities obtained were approximately 95% of theoretical.

In the fabrication of these Be0-U0, mixtures, gross cracking occurred
during sintering in hydrogen at 1750°C, the same conditions which had been
used in the successful fabrication of mixtures of BeO with depleted U0 .
This cracking was attributed to a difference in shrinkage characteristics
of the enriched UO,, which was prepared by a "batch' process, and the
depleted UQ,, which was obtained from a "continuous' process.

The shrinkage of the enriched powder was adjusted by maintaining
oxygen-to-uranium ratios of approximately 2.17 and 2.4 for the 20 and 50%
enriched oxides, respectively, during sintering of the Be0-U0p, mixtures
in an argon atmosphere at 1750°C. The oxygen-to-uranium ratio of the fuel
was then reduced to 2.003 * 0.001 by hydrogen treatment at the sintering
temperature.

Fueled BeO specimens containing 17.5 vol % ThO, and 12.5 vol % UQ,
fully enriched in U?3% were alsc fabricated for high-temperature (~1370°C)
irradistion experiments. 'The fuel was introduced as a mechanical mixture
of submicron-size U0, and ThO, powder. The specimens were cold pressed
and sintered in argon at 1750°C. The resulting oxygen~to-uranium ratio

in the U0, of approximately 2.4 was subsequently reduced to 2.002 * 0.001
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by hydrogen treatment at the sintering temperature. Denslties of approxi-
mately 94% of theoretical were obtained. The microstructure of a typical
Be0-U0;-ThO, specimen is shown in Fig. 5.2. The gray phase is BeO; the
white phase is a UQp-ThO, solid solution, with some free UOp, according
to petrographic examination of powdered samples and thin sections; and
the black areas are voids inherent in the structure or caused by “pull-
out" during polishing.

The microstructure of BeO containing 30 vol % UOp is shown in Fig.
5.3. With the exception of a few scatiered large particles, the micro-
structures of both the Be0-UO, and Be0-U0,-ThO, specimens show uniform

dispersion of the fuel in a fine-grained, dense BeO matrix. Fueled BeO

003

004

008

008

Fig. 5.2. Microstructure of BeO Body Containing 12.5 vol % U0, and
17.5 vol % ThO,. Etchant: 70% Hy0-20% H,0,—10% Hy80, + 50% HyC—~50% HF.
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Fig. 5.3. Microstructure of BeO Body Containing 30 wvol % UO,.
Etchant: 70% HyC-20% Hy0p-10% HpS0, + 50% Hy0-50% Iy

specimens and ThO, thermal insulators typical of those fabricated to eclose
dimensional tolerances without machining for the high~-temperature irradia-
tion experiments are shown in Fig. 5.4.

Incorporation of UO, as large Particles in BeO. Tn the use of UQ,

ag a fuel dispersed in a BeO matrix, it is desirable from the standpoint
of fission-gas retention and radiation damage for the fuel particles to
be in the size range 100 to 500 p. The fabrication of such a composite
without the formation of cracks or large voids sround the fuel particles
requires a knowledge of the shrinkage relationships of botih components
during sintering.

Linear shrinkage data were obtained on large, single particles of

hydrothermally produced UOs-H,0 by measuring, microscopically, the change
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Fig. 5.4. Typical Fueled BeO Specimens and ThO, Thermal Insulators
Fabricated Tor Trradiation Experiments.

in dimensions with increasing temperature as the monohydrate crystals were
converted to UO; by heating in hydrogen. The results were inconclusive
because of a significant variation in shrinkage measurements obtained from
different particles. The nonuniform shrinkage of these particles is be-
lieved to be associated with the orientation of the crystal axes within
the particles and the shrinkage along different axes as the crystal struc-
ture is changed from orthorhombic to tetragonal and, finally, to cubic
during conversion to U0,. Attempts were then made to prepare the fuel as
large granules of polycrystalline UO, formed by granulating prepressed,
fine-grained powders that should exhibit uniform shrinkage.

Shrinkage characteristics of fuel and matrix were determined by
sintering U0, and BeO pellets pressed al various green densities. The
sintering schedules were designed so that the shrinkage for a given UQ;
or BeC body in an argon or hydrogen atmosphere could ve determined at
temperatures up to 1750°C. Comparisons of the shrinkage "profiles” ob-
tained, based on selected green densities, are presented in Figs. 5.5 and
5.6. These bodies were compacted to green densities of 40% of theoreti-
eal for UO, and 54.6% for BeO, in accordance with acceplted fabrication
procedures, It may be seen that approximately 14 vol % differential
shrinkage occurs during the complete sintering cycle. It was calculated

that this differential shrinkage could be virtually eliminated by
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preshrinking the UO, approximately 25% by a prefiring treatment before in-
corporation in the BeO.
Fueled bedies of BeO containing 30 vol % of U0, with a particle size

of 150 to 250 p were fabricated to check these shrinkage relationships.

UNCLASSIFIED
ORNL-LR-DWG 54114R

60
/‘1
»
55 e 0,
14 vol %
SHRINKAGE
DIFFERENTIAL
50 |- R B e ;
U0, (PROPOSED)
acl B ) o2
/”’ (‘)
40 e
|
~ BeO
ul
(V)
<1
X
< 30 [ |
@ PROPOSED UO, CURVE BASED ON
@ PRE-SHRINKING 25% vol % AT
w
= 1200°C
ST S S —
Q
>
SINTERING PARAMETERS

HEATING RATE: 25°C /min B ——
TIME AT 1750°C:
thr
. TIME AT INTERMEDIATE TEMPERATURES:
10 min

| BULK DENSITIES: (% THEORETICAL)

‘ GREEN  FINAL
BeO  54.64 9635
Uo, 40.11  94.68

0 ! i J
1000 1200 1400 1600 1800 2000

TEMPERATURE (°C)

Fig. 5.6. Shrinkage Profiles of BeO and U0, Bodiles During Sintering
in Hydrogen at 1 atm.



The fuel particles were prepared by granulating green and prefired com-
pacts of UOp. It was assumed that the particles thus obtained would pos-

sess the shrinkage and sintering characteristics of the parent compact.

In order wo prbmote uniform distribution of the large fuel particles, the
mixtures were paste-blended in a water solution of 2 wt % polyvinyl alcohol.
The addition of polyvinyl alcohol was necessary only to form a bond hetween
the Tuel particles and BeO powder agglomerates. This bonding minimized

the segregation of fuel during granulation of the dried mixture prior to
compacting. Compacted bodies containing fuel particles prefired to several
shrinkage stages were sintered in hydrogen at 1750°C for 1 hr. The results

of microscopilc surface examination of these specimens are tabulated below:

Fuel Particle Surface Appearance of
Description Sintered Specimens
Unfired (green) Obviocus voids around fuel grains
Preshrunk approximately Relatively smooth surface

14.5 vol %
Preshrunk approximately Relatively smooth surface
26 vol %

High-fired, fully shrunk Very rough-~textured surface; fuel
gralin protrusion prominent

These results are in accordance with the predicted behavior of fueled com-

pacts based on the data of Fig. 5.6.

Fabrication of Fueled Graphite (A. W. Seifert, F. L. Carlsen)

Experiments for determining the reaction of UC with gases evolved at
high temperatures from the high-carbon-forming thermosetting binders used
in graphite fabrication were extended to include tests with Durite SD-5172,
Durez 16470, and pitch. Mixtures consisting of approximately equal volumes
of UC and each binder were fired to 1000°C in a hydrogen atmosphere. The
relatively large quantity of binder was used so that definite reactions
could be easlly detected. X-ray diffraction analysis of the heat-treated

mixtures showed only UO, to be present. 1t is concluded, therefore, that



these binders, like the ones tested previousLy,3 would cause unsatisfactory
laminations and surface defects, if used in the preparation of UC~fueled
graphite bodies.

In another approach to fueling natural graphite, a 20%-enriched
uranyl nitrate solution was wet mixed with natural graphite and a binder,
Turite SD-5143. After drying, screening, cold pressing, and firing at
1000°C in hydrogen, the specimens were found to be slightly laminated.
These specimens 4id not, however, have the minubte surface defects previ-
ously observed with the UC-fueled specimens. An autoradiograph of one of
the specimens showed uniform distribution of the fuel.

Fabrication studies were also performed on natural graphite fueled
with particles of U0, and with uncoated and pyrolytic-carbon-coated UC,
obtained from the Minnesota Mining and Manufacturing Company. The general
fabrication scheme used in all cases involved dry mixing with Durite SD-
5143 binder, cold pressing, and firing at a rate of 20°C/hr to 1000°C in
argon. The results of these studies are presented in Table 5.3. As may
be noted, this fabrication technique produced sound bodles containing UO,,
but problems similar to those reported previously3 with bodies containing
UC were encountered with uncoated UC,. It is apparent that pyrolytic-

carbon-coated particles show promise and that further studies with particles

3"GOR Quar. Prog. Rep. Sept. 30, 1960," ORNL-3015, pp. 74—75.

Table 5.3. FProperties of Fueled Graphite Bodies

Particle Size Distribubtion of Fuel
. . Appears
Fuel of Fuel in Body Appearance
U0, <74 p (~200 mesh) Uniform No visible defects
U0, ~150-250 p (-60 +100 Sample 1: uniform No visible defects
mesh) Sample 2: center only HNo visible defects
Uc, spheresa ~240 p Sample 1: uniform Laminations and surface
bunps
Sample 2: center only ILaminations
UC, spheres coated with Total: ~760 u Uniform A few surface bumps
pyrolytic carbon® Coating thickness: Center only No visible defects
~100 p

aSupplied by Minresota Mining and Menufacturing Company.
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of this type are in order. The metallographic and x-ray diffraction
analyses completed thus far have shown the "UC," in coated particles to
consist of approximately 90% UC,, 10% UC, and a small amcount of graphite.
A phase tentatively identified as either UO, or graphite was Tound at the
interface of the coating and the carbide spheroid. With the exception of
the presence of a very small amount of Uy,Cs, the uncoated uranium carbide

particles appear to have the same composition as the coated "UC,."

Pission~-Gas-Release Studies (D. F. Toner)

The rate of release of Xe*?? from samples of BeO containing 25 vol %
U0, as a fine dispersion was measured at a series of temperatures by the
neutron-activation technique. The data obtained from these experiments
are given in Table 5.4. The release-rate parameter, D/, has not been
calculated because no adequate mathematical model for diffusion analysis

has been formulated.

Table 5.4. Results of Measurements of the Rate
of Release of Xel?? from 2e0-U0,

Test Accumulated o s
Temperature Time of Test lOLél Fraction
(°C) (hr) Releaged
1200 2 3.6 x 107°

6 4.6 X 10-5
24 7.4 x 1077
32 8.8 x 1077
1400 2 8.94 x 1074
5 9.80 x 1074
21 1.23 x 1073
29 1.88 x 1072
1600 2 3.76 X 1072
4 4.32 x 107?
21 5,54 x 107%
29 5.83 x 1072
1800 2 §.95 x 1072
6 2.09 x 10771
22 8.39 x 1071
30 1.09 x 109
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Studies are being carried out on the rate of Xel33 release from
fueled graphite. By using a postirradiation annealing technique for the
fission-gas-release measurements, data have been obtained over the tempera-
ture range 800 to 1200°C. The fueled graphite was prepared from TS5-160
mix obtained from National Carbon Company. High~fired UO, particles were
blended with the mix, and the samples were fired at 2550°C, at which
temperature the UO, was converted to UC,. The fractional release and the
release~-rate parameter values obtained thus far are listed in Table 5.5.

Table 5.5. Results of Measurements of the Rate
of Release of Xel?3 from Fueled Graphite

Test Accumulated Total Fraction Calculated Release-
Temperature Time of Test - Rate Parameter,

(°c) (hr) Released D7 (sec'l)

800 0.02105
0.02153
0.02199

0.02223

0.01393
0.015326
0.01706
0.01784

0.02726
0.03551
0.04973
0.05197

.82 x 10712

H

1000
4,55 x 10711

N0 D OO

!_—I

1200
7.44 % 1070

DD
vt O P

Arc Casting of Uranium Carbide Shapes (D. T. Bourgette)

Several UC cylinders, ranging in size from 0.250 in. in diameter and
0.750 in. long to 0.500 in. in diameter and 3.250 in. long, were cast in
copper molds and were found to contain severe longitudinal and radial
eracks as a result of rapid cooling. It is thought thal cracking of this
type has been responsible for the difficulty that has been encountered in
machining irradiation specimens from such cylinders. Crack-free castings,
0.350 in. in diameter and 1 in. long, of high-purity UC were obtained after
changes were made in the melting procedure. The changes included 1n-

creasing the initlal charge weight, decreasing the contact area between

205



the mold and the wafter-cooled base plate, using hot water to cool the base
plate, melting the charge under low-pressure argon (270 mm Hg), and evacua-
ting the furnace chamber to <1 mm Hg immediately after the charge had been
cast. Desgpite these changes 1n procedure, larger cylinders still showed
internal cracking.

In order to further reduce the cooling rate of cast snapes, several
UC cylinders 0.4 in. in dimmeter and 3.25 in. long were arc cast into
graphite mold inserts of tae type snown in Fig. 5.7. Metallographic exami-
nation of these shapes revealed that the grain size was approximately 30
times larger than that of shapes cast in copper molds. This indicates that
the cooling rate in the graphite molds was significantly lower. The grain
sizes of these shapes are compared in Fig. 5.8. Radiographs of the shapes

cast in graphite molds also showed slight internal cracking.

Volatility of UC at Elevated Temperatures (J. M. Kerr)

In order to investigate the mechanisms leading to the loss of ma-

terial from UC during vacuum sinftering, a mass spectrometer has been used to

UNCLASSIFIED
¥-36368

Fig. 5.7. Mold and Mold Tnsert Arrangements for Both Copper and
Graphite Molds,
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Fig. 5.8. Microstructure of UC Melted and Cast in (a) Graphite and
(v) Copper. DNote difference in grain size and the free uranium in (b).
Etchant: 0,0, HNO,, and acetic acid.
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identify the species emitted and to determine their relative rates of
emission from the carbide at temperatures of 1500 to 2150°C and pressures
of approximately 2 X 1076 mm Hg. The mass spectrometiric analyses were
performed by the Analytical Chemistry Division on a 12-in.-radius, 60-
deg-sector, Nier-type instrument developed for the isotopic analysis of
solid samples. The starting material for this study was obtained by grind-
ing arc-melted UC castings to —200 +270 mesh powder under argon with a
high~alumina morter and pestle. Chemical analysis indicated 4.77 wt %
total carbon, with 0.15% free carbon.

A 200~ to 300-pg sample of the UC powder was placed on a tantalum
filsment in the reaction chamber of the mass spectrometer, and the chamber
was evacuated to 2 X 107® mm Hg pressure. The sample was then heated to
a series of temperatures by passing current through the filament from a
precisely controlled source. The temperatures were estimated by using a
previously determined current versus temperature graph with a probable
accuracy of #50°C. The power input was held at each setting for 3 min to
achieve thermal equilibrium before a scan was made of the ions emitted from
the sample. Because the mass spectrometer can detect only charged species,
a beam of 75~ev electrons was directed across the opening in the reaction
chamber in order to ionize tne neutral species and thus permit a more
quantitative analysis of the material emanating from the UC sample.

Although the mass spectrometer was adjusted to detect all ions with

<

+ | +
mass numbers between 200 and 290, only UC, , U0 , and U lons were ob-
+
served. No carbide or UO3 ions were detected. The relative rates at
which the three lons were emitted from UC as a function of temperature are

illustrated in the graphs of Fig. 5.9.

Structural Materials Evaluation

Coating for EGCR Graphite Support Sleeves (F. L. Carlsen, K. V. Cook,
R. W. McClung)

The EGCR graphite sleeves will be coated to prevent sustained burn-
ing of the graphite in the event air is admitted to the core as a result

of a rupture in the coolant system. Since a coating will affect the
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properties of the support sleeve, a general evaluabion of coatings is in

progress.

Oxidation Resisgtance of Coated Graphite. Several small coated and

uncoated graphite samples from the Minnesota Mining and Manufacturing
Company have been tested for oxidation resistance. The samples were in
the form of right circular cylinders, 1 in. in diameter and 2 in. long,
welghing approximately 50 g, and they were tested in air at a velocity of
approximately 700 ft/hr for 6 to 24 hr atl temperatures from 420 to 630°C.

The results of these tests are given in Table 5.6.

Table 5.6. Oxidation Resistance of Coated and Uncoated
Graphite Samples

Oxidation Rate (g/g-hr)
Type of Sample

At 420°C At 520°C At 630°C

Uncoated type 580 graphite 0.29 x 1072 5.6 x 107% 15.3-24.8 x 10-°3

S51-5iC coated type 580 0.24 x 1072 3.7 x 10-° 7.9-8.3 x 1073
graphite

5i~51iC coated type 9018 0 0 O
graphite

Si-81iC coated type 9018 0.36-1.8 x 1073

graphite with 5% of the
coating removed

The samples were tested ia a tube furnace in flowing air., The tempera-
ture gradient across the samples was about 30°C, and the temperature of
the furnace varied as much as 40°C during a run because of line-voltage
fluctuations. The temperaftures given in Table 5.6 represent the average
Temperatures for the tests.

The difference between the type 580 graphite and the type 901S graphite
is primarily a matter of anisotropy, with the type 9018 graphite being the
more isotropic. The 8i-5iC coating on the type 580 specimen was observed
to contain many cracks prior to testing, whereas that on the type 901S
specimen was apparvently crack free. Five percent of the area of two type

901S8-~coated samples was expcosed by grinding away the coating on one-half
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of one end of each sample. Since the EGCR support sleeves will have
approximately 5% of their surface uncoated at the ends in order to main-
tain tight-fitting joints, the tests of these samples provide a basis for
estimating the oxidation rate of the graphite sleeves.

The results of the tests show that the effectiveness of the coating
on type 580 graphite increases with increasing temperature. The effective-
ness in this case is defined as the reduction in the oxidation rate as
compared with that of uncoated graphite. The ratio of the oxidation rate
of coated type 580 graphite to that of the uncoated type 580 graphite de-
creased with temperature from about 1 at approximately 420°C to <0.5 at
approximately 630°C. The coating on the type 9018 graphite was found to
be completely protective under the test conditions and, even with 5% of
the coating removed, was shown to be more effective than that on the type
580 specimen. The range of oxidation rates at 630°C reflects the varia-
tions in temperature and the differences in samples.

Thickness Measurements on Coated Sleeves. An eddy-current technigue

is being developed for measuring the thickness of silicon carbide or sili-
conized silicon carbide coatings on the graphite sleeves. Work thus far
has been on a silicon carbide coating applied by the National Carbon
Company to representative sleeves from each of three sources.* The thick-
ness apparently varies from approximately 0.030 to 0.060 in. It is planned
to check the accuracy of these measurements by sectioning the sleeves.

Integrity of Coatings. The feasibility of an electrode oxidation-

potential test for detecting defects such as cracks and pinholes in sili-
con carbide coatings on graphite sleeves has been studied. This system
establishes a small galvanic cell through the use of suitable electrodes
and a suitable electrolyte. By localizing the contact area of the electro-
lyte, a difference should be noted in the generated emf when there is a
break in the coating that permits the graphite to react in the galvanic
cell. However, in the tests completed thus far, no emf difference has

been noted between coated and uncoated graphite. This may be due to

4"GCR Quar. Prog. Rep. Jan. 30, 1960," ORNL-2964, p. 121.
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impurities or voids in the coating or insufficient potenitisl difference
between the graphite and the coating using the selected elecirodes and

electrolyte.

Evaluation of Commercisl High-Density Graphnite (F. L. Carlsen)

The strength, coefficient of thermal expansion, and ash content of
several types of commercial graphite were determined as a part of the
general graphite evaluation program. The samples tested were American
Metal Products high-density grade 1A, four types of graphite considered
for the United Kingdom Dragon program, duPont explosively formed natural
graphite, and National Carbon Company type CEY. All samples were received
in the form of right circular cylinders and, except for the duPont speci-
men, were extruded products. The results of the tests are given in Table

5.7.

Tube-Burst Testing of Stainless Steel (J. T. Venard)

Testing of as-received type 304 stainless steel tubing (Superior Tube
Co. heat No. 23999X) to provide base~line data for comparison with in-pile
tube~burst test data is continuing. Results obtained recently for 2.5-in.-

long specimens tested at 1300°F in air are given below:

Tangential Stress Time to Rupture
(psi) (hr)
7 951 1077
8 069 2007
9 710 469
9 821 549
11 403 144
11 593 144

Tt was observed previously® that abnormal grain growth and subsequent
premature burst fallures occurred in tubing annealed at 2150°F, the brazing
temperature used for attaching mid-plane spacers to EGCR Tuel elements with

GE-81 alloy. Therefore the substitution of copper for (E-81 alloy is being

°"GCR Quar. Prog. Rep. March 31, 1960," ORNL-2929, pp. 115-7.
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Table 5.7. Properties of Various Types of Graphite

Coefficient of Room-Temperature
Densit Ash Thermal Expansion Rupture Strength
Type CRELYY Gontent (in./in.-°C) (psi)
(e/en’) (i )
Parallel® Normal® Tensionb Compressionc
% 1076
AMP-1A 1.97 0.037 2.54 2800 2900
Dragon
HX10 1.85 0.014 2.87 2300 5400
EX12 1.79 0.025 2.83 1000 7000
EYX60
Sample 1 1.70 0.021 2.96 2900 8200
Sample 2 1.74 0.024 2.82 3200
duPont a
Sample 1 2.26 6.1 18.43
Sample 29 2.25 6.1 12.97
Sample 3~  2.10 6.1 7.85
NCC CEY 1.92 1.95

“With respect to longitudinal axis of as~received cylindrical sample.
bMachinednand—threaded specimens.

e specimens, 1/2 in. X 1/2 in. x 1/2 in.

dO.?% net expansion observed after cooling to room temperature.

e . . .
0.3% net expansion observed after cooling to room temperature.

considered as a means of minimizing this grain growth, because copper has
a lower brazing temperature (2020°F).

Central spacers were copper brazed to samples of representative EGCR
fuel element tubing in the annealed, l/8—hard, and l/4-hard cenditions.
Furnace brazing was csrried out without difficulty using copper preplaced
either as a powder slurry or as wire. Results indicate a substantial de-
crease in the grain growth., Tests are in progress to determine the time

to rupture of tubing subjected to a typical copper brazing cycle.

Dimensional Studies of Simulated EGCR Fuel Elements at Elevated Tempera-
tures (W. R. Martin)

A further test of a simulated EGCR fuel element was conducted to study

the mechanical behavior of fuel pellets and cladding during thermal cycling
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under external pressure. Previous tests® showed that the expansion of an
element after collapse of the tube wall is dependent upon both the inner
surface temperature of the pellets and the cladding temperature and that
the fracturing of pellets exposed to thermal gradients does not lead to
shifting of material within the element. In this experiment the element
was subjected to an external pressure of 320 psi during testing, after
being held for 32 hr at an average surface temperature of 1420°F and a
central UQO, temperature of 2350°F. Approximately 30 hr at these conditions
was required for the cladding to contact the UOs;. The element was then
cycled between the central UO, temperature limits of 400 and R2350°F for
109 cycles. The heating and cooling rate of the cladding was l50°F/min
and the cycle frequency was 20 min.

Analyses of the test data and examination of the element after the
test revealed the - followings

1. The axial expansion characteristics of the U0, column did not
change during the 109 cycles.

2. The total axial permanent strain Introduced in the cladding was
0.45%.

3., Circumferential ridges were formed in the cladding at the pellet
interfaces, but they were not large enough to be measured by a comnercial
shadowgraph technique,

4, Gaps as large as 0.020 in. were introduced between the U0, pellets
as a result of thermal cycling.

Following this examination the element was returned to the testing
equipment and held at average surface and central UQ, temperatures of 1475
and 2750°F, respectively. After 65 hr at these conditions, the cladding
had collapsed so that it followed very closely the profile of the UO, pel-
lets. After a total of 114 hr at the above conditionsg, the element was
cycled between central UOp temperatures of 400 and 2750°F for 48 cycles.
The test data and the examination made after the test revealed that the
dimensional characteristics of the element changed markedly during thermal

cycling. The gaps between pellets grew with successive cycling, and
g gap p g P

®"GCR Quar. Prog. Rep. June 30, 1960," ORNL-2964, pp. 84-90.
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openings as large as 0.040 in. were observed. The total permanent axial
strain of the cladding was 2.5%.

The element was placed in the test rig a third time to determine
vhether the cladding would collapse into the gaps between the pellets, No
collapse was detectable after 330 hr at average cladding and central UO,
temperatures of 1550 and 2870°F, respectively.

In two other series of experiments, the thermal cycling behavior was
determined with elements that had a 0.007-in. diametral gap between the
pellets and the cladding upon assembly and then with elements in which the
cladding had been collapsed around the pellets by external pressure. The
elements were cycled from cladding temperatures of 1200 to 1500°F to tempera-
tures in the range of 250 to 500°F. The average heating and cooling rates
for the cladding were 150°F/min.

The results of these tests indicate that fuel elements having a diame-
tral gap between the cladding and the fuel pellets will respond to thermal
cycling in the same manner as the individual components if subjected to
the same thermal conditions and tested separately. However, if there is
no radial gap between the fuel pellets and the cladding, axial elongation
of the cladding ocecurs during thermal cycling. This elongation is a func-
tion of the external pressure, cladding temperature, and cycling con-
ditions. These parameters affect the elongation of the cladding as
follows: (1) an increase in external pressure increases the deformation,
(2) the plastic strain in the cladding for any given temperature and pres-
sure conditions is a linear function of the number of thermal cycles,

(3) the empirical relationship between the permanent asxial strain per
cycle and the average cladding temperature is of the form
po~N/RT

c =
Y

k4

where ep is the permanent axial strain per cycle, b, A, and R are con-
stants, and T is the average absolute temperature of the cladding, and
(4) an increase in either the heating or cooling rate of the cladding

increases the elongation obtained per cycle.
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Examinations of the clements after these tests revealed that ap-
parently the frictional force between fuel and cladding is sufficient to
prevent relative movement. Therefore, an axial gap 1s developed between
pellets in the fuel column, and the total axial elongation of the cladding
approximates the summation of the gaps between pellets. Circumferential
ridges form at the pellet interfaces during collapse of the cladding and

follow the end of the pellet during the axial elongation of the cladding.

Reactions of Type 304 Stainless Steel with C0-CO, Mixtures (H. Inouye)

Studies are being made of the factors that affect the oxidation and
carburization of type 304 stainless steel in low concentrations of CO,
and CO in helium. These studies have included gas concentrations ranging
from 1.3 X 107° to 6.8 x 107% atm (6 x 10™% to 0.317% based on a helium
pressure of 315 psi). The ratios of CO; to CO concentration have ranged
from o to 0.018,

Oxidation of Type 304 Stainless Steel in CO-CO, Mixtures. Representa-

tive reaction rates that have been obtained for the oxidation of type 304

stainless steel in CO-CO, at 1800°F are shown in Fig. 5.10. These results
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Fig. 5.10. Reaction Rates of Type 304 Stainless Steel with CO-CO,
Mixtures at 1800°F at Times up to 200 hr.
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show that large variations in the concentrations (15:1) and the COs~to-
CO ratios (25:1) have only a slight effect, if any, on the reaction rate.
The slight differences essentially disappear after longer times, as shown
in Fig. 5.11. The equations describing the reaction rates are of the form
o= xtt
where Aw is the weight increase 1in mg/cm2 and t is the time in hours. The
constants k and n for the different conditions are listed in Table 5.8.
The effect of temperature on the reaction rates of type 304 stainless
steel with a CO-COp mixture (CO + CO, = 0.229%; C0,/CO = 0.12) is shown
in Fig. 5.12. The reaction rates were not measureable below 1300°F.
Activation energies of 32 000 cal/mole for temperatures bebween 1300 and
1525°F and 6400 cal/mole for temperatures above 1525°F were calculated.
X~-ray diffraction patterns of the oxides present on the specimens
after the tests were found to correspond to the spinel-type oxides
(Fe0-Cr,03) at temperatures in excess of 1500°F, whereas, at temperatures
below 1500°F, Cr,04 and 3Cr,03-Fep04 predominated. The Arrhenius plot
(Fig. 5.12) indicates the formation of a different oxide at the inflec-

tion point and supports the x-ray evidence.
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Fig. 5.11. Reaction Rates of Type 304 Stainless Steel with CO-CO,
Mixtures at 1800°F at Times up to 800 hr.
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Table 5.8.

Reaction Rate Constants for the

Oxidation of Type 304 Stainless Steel
in C0~CO, Mixtures at 1800°F

Concentration C0p-t0-CO Rate Constants
of CO + COs Rats

(vol %)= atio k n
0.0201 0.46 0.066 0.481
0.121 0.07 0.086 0.502
0.229 0.12 0.102 0.430
0.317 0.018 0.069 0.567
Average  0.081 0.495

a . . -
Based upon helium and Impurities at a pres-

sure of 315 psi.
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Effect of Temperature
on the Reaction Rate of Type 304 Stain-

Carburization of Type 304

Stainless Steel in CO-COp Mix-

fures. The carvurization of type
304 stainless steel in CO0-CO,
mixtures has been found to be de-
pendent. on the CO,-to-CO ratio,
temperature, and, when non-
equilibrium conditions exist, on
the time of exposure to these
gases.

The data of Table 5.9 show
the variatioans in the carbon con-
tent in 0.002-in. foll specimens
after exposure to various (C0,~CO
mixtures. The carbon contents of
samples tested above 1600°FH for
700 and 840 hr are thought to be

equilibrium values.



Table 5.9. Carburization of Type 304 Stainless Steel in
CO-C0, Mixtures

Final Carbon Content (wt %)

Test
Temff;?t”re C0,/CO = 0.46,  CO0,/CO = 0.12,  CO0,/CO = 0,018,
700-hr Test 840-hr Test 200-hr Test

800 0.068 0.070 0.068
1000 0.068 0.078 0.062
1200 0.068 0.078 0.076
1300 0.090 0.081 0.12
1400 0.130 0.163 0.25
1500 0.142 0.305 0.30
1600 0.160 0.309 0.21
1700 0.099 0.528 0.15
1800 0.680 0.15

In the temperature range 1200 to 1600°F, the extent of carburization
probably depends on the kinetics of the carburizing reactions (see reactions
1 and 2 below) and would therefore depend on the time. This is apparent
from the carbon analyses of the specimens from the 200-hr test. Below
1200°F, carburization does not appear to occur. In 0.020-in.-thick specimens,
the carbon content showed a maximum increase of 0.03% when the specimen
was exposed for 840 hr to an atmosphere containing CO, and CO in the ratio
0.12. It is apparent that nonequilibrium conditions existed in the thicker
specimens and that most of the carbon was concentrated at the surface.

With extended exposure times, the carbon concentrations of the 0.020-in.-
thick specimens are expected to approach the values listed in Table 5.9.

The mechanism by which carburization ocecurs is not clear at this

time. It is thought that the reaction of CO with the alloy that results

in the solution of carbon is
Stainless steel + 12C0 —6C0, + 6C (in alloy) . (1)

In stainless steel containing 18% Cr, the carbon taken into golution re-
acts with the chromium and results in the formation of chromium carbide

(Cr2306) according to the reaction
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23Cr (in alloy) + 6C (in elloy) —Cr,sCe - (2)
The net reaction involving only the products and reactants would then be
23Cr (in alloy) + 12C0O -»Cr,3Ce + 6C0, . (3)

The free-energy change involved in reaction 3 increases as the tewmpera-
ture decreases, indicating that the carburizing tendency is greater at the
lower temperature. It 1s not surprising, therefore, To observe a maximuan
in the carbon content of the stainless steel at some intermedialte tempera-~
ture at which the kinetics of the carburizing reactlion is the predominant
rate-controlling factor. I the proposed reactions are representative,
the maximum in the carbon content would be shifted to lower temperatures
with increasing exposure times. Furthermore, the carburization tendencies
would also be dependent on the partial pressures of CO and CO,, since a
volume change is involved in the reaction.

Preliminary conclusions are that the priuncipal reaction of type 304
stainless steel with CO and CO, is oxidation, which amounts to about 90%
of the total reaction at 1800°F, and that carburization comprises only
about 10% of the total reaction. Further, the reaction rates for the total
reaction are independent of the gas ratios or the gas conceantrations.
Carburization, on the other hand, appears to depend on these variables.

The purification of the helium in the BEGCR should take into consideration
the futility of removing impurity gases to minimize oxidation. In order
to control carburization, however, the data indicate that attention should

be directed toward maintaining the proper ratio of CO; to CO.

Manufacturing and Inspection Methods Development

Fabrication of Instrumented Fuel Elements and Irradiation Test Capsules
(E. A. Franco~Ferreira)

Developmental work is being carried out in an effort to improve the
methods of fabricating thermocouples for measuring internal temperatures
in irradiation test capsules. This work also is directly applicable to

the fabrication of instrumented fuel assemblies for the EGCR.
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3

Thermocouple Wells. The design for the insertion of a tungsten thermo-

couple well in the end cap of an irradiation~test capsule and a typical
completed assembly are shown in Fig. 5.13. In the photograph the tungsten
well 1s gt the left and the stainless steel end cap at the right. In this
assembly, the well was brazed into the end cap with gold. A typical sec-
tion of the braze Jjoint, illustrating the good flow attained, is shown in
Fig. 5.14. A well of this type was thermal cycled seven times from 1300°F
to room temperature, and subsequent metallographic examination showed no
evidence of cracking in the braze Jjoint.

Tungsten-Rhenium Thermocouples. The reliability of tungsten-rhenium

thermocouples is greatly reduced by the inherent low ductility of tungsten

wire and the added embrittlement of the tungsten that results from
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Fig. 5.13. Attachment of Tungsten Thermocouple Well to Stainless
Steel End Cap.
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Fig. 5.14. Gold-Brazed Joint Between Tungsten Thermocouple Well and
Stainless Steel End Cap. As polished. 100X.

recrystallization during welding. This situation is accentuated by the
wide difference between the coefficients of thermal expansion of tungsten
and rhenium. Since these physical properties of the thermocouple materials
cannot be altered, the thermocouple design must be varied accordingly.

One design approach, which was suggested by investigators at the
General Electric Company, is to increase the flexibility of the system
through the use of stranded small-dismeter tungsten wire, An illustration
of the flexibility of such a wire is presented in Fig. 5.15, which shows
a knot tied in a stranded wire made up of 40 strands of 0.002-in. wire.

A number of tungsten-rhenium thermocouple junctions made with various sizes
of wire are shown in Fig. 5.16. The junctions are easily made by standard
inert-arc welding procedures, and the finished unit has a high degree of

flexibility. It is hoped that this flexibility will relieve thermal
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Fig. 5.15. BStranded Tungsten Thermocouple Wire Approximately 0.015
in. in Diameter Tied in a Knot to Demonstrate Flexibility.

stresses on the junction and lengthen the service life of the thermocouple.
A number of stranded-wire thermocouples are presently undergoing tests to
determine the suitability of their thermoelectric characteristics.

Attachment of Thermocouples to Fuel Elements. Work is also in pro-

gresg for determining the most suitable way to attach thermocouples to the
surface of fuel element tubing for the measurement of surface temperatures.
The Chromel-Alumel thermocouples used for this service are clad with 0.040-
in.-o0.d. stainless steel tubing. ITarly fuel element designs included the
possibility of attaching these thermocouples to the outzide of the tube
wells, as in Fig. 5.17 which shows grounded and ungrounded Junctions brazed
to the outside of the tubes. Unfortunately, this method of attachment,

while simple, contributes considerable error to the measurement because
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Fig. 5.16. Welded Stranded-Wire Tungsten-to-Rhenium Thermocouple
Junctions. Solid wires for the tnree small junctions are 0,010 in. in
diameter and the larger solid wire is 0.025 in. in diameter.

of the cooling effect of the gas stream on the thermocouple. Therefore
work is under way on a method for attaching these thermocouples to the
inside walls of the fuel tubes and to pass them through slots in the end

caps.

Welding of Dissimilar Metals (G. M. Slaughter)

Welding procedures have been completed for the metallic-arc welding
of stainless steels to chromium-molybdenum steel plate (ASTM designation:
A 387 ~ 57 T, grade D) and to high-strength carbon-silicon steel plate
(ASTM designation: A 212 — 57 T, grade B). In order to provide a further
indication of the mechanical properties of these welds, transverse tensile
specimens were machined from typical weldments and were tested at room
and elevated temperatures. The elevated temperatures selected were those
representative of the maximum service temperatures to which each type of
Joint would be subjected. INCC BP-85 nickel-base alloy electrodes were
used for all welds. The tensile strengths of transverse specimens of ASTM

A-212, grade B, steel welded to type 304 stainless steel and given a 4~hr
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Fig. 5.17. (a) Grounded-Junction, Chromel-Alumel Thermocouple Brazed
to Fuel Tube. (b) Ungrounded-Junction, Chromel-Alumel Thermocouple Brazed
to Fuel Tube.

stress relief at 1150°F and the strengths of similar specimens of ASTM
A-387, grade D, steel welded to type 304 stainless steel and given a l-hr
stress relief atf 1350°F are listed in Table 5.10.

In every case the specimens failed in the base metal; moreover, the
tensile strength at failure was essentially that reported for the base
material. Typical as-tested tensile specimens are shown in Fig. 5.18;
there is no evidence of cracking in the welds.

The thermal cycling of large (14-in.-diam, l-in.-wall) welded pipes
of these dissimilar metals is under way. The weld metals used were type
347 stainless steel and INCO BP-85. No evidence of cracking was found
in the Jjoint welded with stainless steel after 50 cycles between 1050°F

and room temperature. Likewise no evidence of cracking was found in the
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Table 5.10. Results of Tensile Tects of Dissimilar Metal Welds

Metal Welded to Test Tensile Location of
Type 304 Stainless  Temperature Strength Fraéfufe
Steel (°F) (psi) il
ASTM A-212, grade B, Room 73 650  ASTM A-212 base metal
steecl 650 65 700  Stainless steel base
metal
ASTM A-387, grade D, Room 72 900  ASTM A-387 base metal
steel 1050 54 100  ASTM A-387 base metal
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Fig. 5.18. (a) Transverse Tensile Specimens of ASTM A-212, Grade B,
Steel Welded to Type 304 Stainless Steel. (b) Transverse Tensile Speci-
mens of ASTM-A~387, Grade B, Steel Welded to Type 304 Stainless Steel.

joint welded with BP-85 after 20 cycles, and the test is continuing. A

typical test specimen is shown in Fig. 5.19.

Nondestructive Inspection of EGCR Toop Througn Tube Welds (K. V. Cook,
R. W. McClung)

Througn-transmission dual-crystal ultrasonic tecnniques have received
most of the attention in efforts to develop nondestructive tecnniques for
testing EGCR through tube weldments. The work has been concentrated on
the V-notch weld configuration, with the sound being transmitted through

the 1/2-in.-thick weld that joins two 1/4-in.-thick parallel sections.
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Fig. 5.19. Typical large-Diameter Welded Specimen for Thermal-~Cycling
Tests.

The amplitude of the transmitted sound beam provides a direct measurement
of deflects in the weldment.

Straight-line welds with the V-groove shape have been examined. The
sound beam was restricted with plastic "shoes' to an effective cross sec-
tion of approximately 1/4 in. in diameter. The tests indicated that a
void or lack-of-fusion area eguivalent to 1/8 in., in diameter could be
readily detected but that the detection of l/l6—in.~diam areas might be
gquestionable. Representative sectlons of good and bad welds were ex-

amined ultrsonically and then sectioned for metallographic examination.
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Metallographic data are not complete yet; however, lack-of-fusion areas
have been coufirmed by sectioning that were undetectable visually or by

radiography but which were detectable by ultrasonic inspection.

Beryllium Investigations

Compatibility of Beryllium with Coolant Impurities (W. J. Werner)

Reaction with CO,. In order to compare the oxidation rate of wrought

beryllium with the oxidation rates obtained previously for beryllium

powder,”

specimens from seven different types of beryllium tubing are being
prepared for testing. The specimens are from tubing from all the various
sources and represent several different fabrication methods. Two sets of
specimens have been tested thus far in an atmosphere of dry CO, at 700°C
for 50 and 500 hr. Two specimens were exposed in each test; one was pre-
pared from tubing machined from hot-pressed block and the other from tubing
machined from hot-extruded rod. The weight sains of the samples are com-
parable with those obtained at 700°C for powder specimens, as shown in
Table 5.11.

Reaction with Water Vapor. The compatibility of beryllium with water

vapor is being studied at 600°C in flowing helium containing approximately

4% H,0 (v) in an attempt to determine the role of water vapor in the

""GCR Quar. Prog. Rep. Sept. 30, 1960," ORNL-3015, pp. 96-99.

Table 5.11. Comparison of Weight Changes of
Different Types of Beryllium in Dry CO,
at 700°C

Weight Change (ug/cm?)

Specimen
In 50~hr Test In 500-~hr Test
Hot pressed 24:.6 104
Hot extruded 23.5 131
Powders 28 g2
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"preak-away" corrosion that occurs when beryllium is exposed to wet CO,.8
Three tests were runj; —200 mesh beryllium powder was used in the first
test and —200 +230 mesh beryllium powder was used in the last two. The
—200 +230 mesh particles comprise approximately 5% of the —200 mesh beryl-
1ium powder. A log-log plot of the weight change versus time gave two
straight lines intersecting at t ~ 5 hr, as shown in Pig. 5.20. The first
part of the curve has a slope of approximately 1, indicating the formation
of nonprotective film, whereas the second portion has a slope of 0.5,

indicating the formation of a protective film. The important point to be

8J. E. Antill, "Oxidation of Beryllium in the Absence of Trradiation,"
AFRE-M-435 (May 1959).
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Fig. 5.20. Reaction of Beryllium with Water Vapor (~4%) in Flowing
Helium at 600°C.
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noted is that although the breask-away pheunomenon did occur, 1t terminated
after approximately 5 hr.

When the data in Fig. 5.20 were first plotted, the shape of the curve
was attributed to a reduction in area of the sample ss a result of complete
oxidation of the fines in the ~200 mesh powder. However, subsequent tests
on specimens of —200 +230 mesh powder gave similar data, showing that this
was not the case. X-~ray analysis of tne powder before testing showed Be,C
to be present, but 1t could not be detected after testing. On the basis
of these tests, 1t appears that the initial slope of the curve is due to
the hydrolysis of Be,C. The point of inflection, then, is the point of
complete decarburization of the sample. Taking into account the fact that
Be,C is a product of the reaction of beryllium with CO2,9 the indication
is that the break-away phenomenon which occurs when beryllium is exposed

to wet COp 1s due to the reaction of the Be,C with water vapor.

Beryllium Tubing Evaluation (R. W. McClung)

Tubing from Nuclear Metals, Inc. Several lengths of 3/8- and 3/4-in.

beryllium tubing fabricated by extrusion of both hot-compacted and cold-
pressed billets have been received from Nuclear Metals, Inc., and have
been evaluated by nondestructive means. Penetrant and radiographic exami-
nations revealed the presence of pinholes, pits, gouges, and high-density
material. The warped condition of the tubing from hot-compacted billets
and the rough surface finish of the tubing extruded from cold-pressed
billets prevented valid eddy-current or ultrasonlic examinations.

Tubing from Pechiney. The circumferential pits on the inner surface

and circumferential cracks on the outer surface of tubing from Pechiney
have been examined mefallographically. These defects were detected by

low~voltage radicgraphy and penetrants, respectively, as discussed previ-

10

ously. A cross-~sectional view of the deepest cracks, about 0.003 in.,

°V. D. Scott, "Formation of Beryllium Carbide During the Corrosion
of Beryllium in Carboa Monoxide and in Carbon Dioxide Gas," Nature,
186(4723), 466~7 (1960).

10"GCR Quar. Prog. Rep. June 30, 1960," ORNL-2964, p. 137, and Fig.
4.27.
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is shown in Fig. 5.21, and typical pits on the inner surface are shown in
Fig. 5.22. 'The polished section shown in Fig. 5.23 indicates that the
average depth of the pits 1s 0.003 to 0.004 in.

Beryllium Joining (R. G. Gilliland)

Investigations are continuing in order to establish procedures for
gealing tubular beryllium fuel elements for advanced gas-cooled-reactor
applications. The program has included the refinement of fusion-welding
techniques, the development of high-temperature brazing alloys, and the
fabrication of in- and out-of-pile tube-burst specimens.

Fusion Welding. An investigation is under way of the microstructures

of inert-arc and electron-beam welds in beryllium. The grains in inert~-arc
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Fig. 5.21. ILongitudinal Section Through Cracks in Outer Surface of
Beryllium Tubing from Pechiney. As polished.
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Fig. 5.22. Circumferential Pits on Inner Surface of 0.300-in.-i.d.,
0.040-in.-Wall Beryllium Tubing.
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Fig. 5.23. longitudinal Section Through Surface Pits Shown in Fig.
5.22. As polished.
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welds of the type shown in Fig. 5.24 in tubing machined from hot-pressed
rod were measured to be 45 to 90 p in diameter. Such small grains are
considered to be beneficial. As was expescted, the grain size did not ap-
pear to be materially affected by varistions in inert-gas-flow rate, Weld
microstructures in different types of extruded tubing are currently being
investigated.

Tube~-Burst Specimen Fabrication. The fabrication of 155 beryllium

tube-burst specimens Tfor use in high-temperature in- and out-of-pile testing
was completed. 'The mumber of specimens fabricated from each of the dif-
ferent types of 0.300~in.-i.d., 0.040-in.-wall beryllium tubing is listed

in Table 5.12, and the design of the specimen 1s illustrated in Fig. 5.25.

The end caps and tubing were machined with a slight taper, as described
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Fig. 5.24. DRepresentative Inert-Arc Weld on Beryllium Tubing Ma-
chined from Hot~Pressed Rod. Note the small grain size of the weld.
Unetched, polarized light 50X%.
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Fig. 5.25. Design of Specimens
Fabvricated for High-Temperature Tube-
Burst Testing of Beryllium.

previously,ll to permit tight-
fitting Joints and to minimize
assembly difficulties.

The specimens were welded by
the inert-arc process. The 0.125-
in.-o0.d., 6-in.~long, type 318
stainless steel pressurizing tubes
were Induction~-brazed to the beryl-
Jiun end caps using the experi-
mental brazing alloy, 49 wt %
Ti—49 wt % Cu—2 wt % Be. Repre-
sentative specimens made from the
eight different types of beryllium
tubing used are shown in Fig. 5.26.

This fabrication program also
permitted an evaluation of the
weldability of the wvarious types
of tubing. Of the total number

of specimens, 9.8% were rejected because of leaks in the welded or brazed

Joints. The number of each type rejected is indicated in Table 5.12. As

determined by radiography, 31% of the welds contained pores, the most

orous welds being in the Pechiney specimens and the least porous in the
Y £ L 8

specimens made from Brush Beryllium tubing machined from hot-pressed rod

or warm extruded to size. All specimens, including those with welds ex-

hibiting porosily, are now being tested.

far in the welded or brazed Jjoints,

No failures have occurred thus

Stress-Rupture Properties of Beryllium Tubing (J. R. Weir)

It has been known for some Lime that the wechanical properties of

beryllium metal depend strongly on the impurities, the degree of preferred

orientation, the grain size, and the annealing ftreatments. With the

11MGCR Quar. Prog. Rep. Sept. 30, 1960," ORNL-3015, pp. 102-6.



Table 5.12., Materials Used for Fabrication of Beryllium Tube-Burst Specimens

Total

Vendor Fabrication Technique ,SPQCIme Number ?Ngmber
Designation - Rejected
Fabricated
Brush Beryllium Company Machined from hot-pressed Brush A 28 3
rod
Brush Beryllium Company Machined from hot- Brush B 27 2
extruded rod
Brush Beryllium Company Machined from warm- Brush C 16 1
extruded rod
Brush Beryllium Company Warm extruded Brush D 15 0
Brush Beryllium Company Machined from hot-pressed Brush E 16
rod, 0.15% C
Pechiney Hot impact extrusion Pechiney 34 9
Chesterfleld Tube Hot extruded Chesterfield 26 1
Company
Tmperial Chemical I. C. 1. 10 Q
Industries
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FPig. 5.26. Beryllium Tube-Burst Specimens Representative of the
Eight Different Materials Being Used in the Testing Program. Refer to
Table 5.12 for designation meanings.
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increased interest in beryllium tubing as a fuel-cladding material in gas-
cooled reactors, development of fabrication technigues has progressed to
the point where sizeable quantities of commercially produced tubing are
available. Part of the ORNL program for evaluation of bveryllium involves
investigating the strength properties of beryllium tubing produced by
various commercisl fabrication techniques.

Sufficilent data have been obtalned recently to give the tentative
stresg-rupture curves shown in Fig. 5.27. 1t may be seen that the tubing
produced by machining from hot-pressed block exhibits the highest stress-
rupbure strength at 600°C, although the ductility of these tubes is con-

siderably lower than the ductility of tubes manufactured by the Pechiney
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Fig. 5.27. Stress Rupture of Beryllium Tubes at 600°C.
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Pig. 5.28. Fracture Initiated on Inner Surface of Beryllium Tube
During Tube-Burst Test at 600°C. As polished.

Company, Imperial Chemical Industries, and Brush Beryllium Company (warm
extrusion). FExamination of the grain size and preferred orientation of
these ftubes will aid in determining the reasons for the differences in the
strength and ductility of the tubing.

An interesting observation is that, from the stress-analysis stand-
point, the 0.30-in.-i.d., 0.040-in.-wall tubes are considered as heavy-
walled tubing. Thus, under internal pressure, the stress should be sig-
nificantly higher near the inside surface of the tubes than near the out-
gide. As is shown in Fig. 5.28, the fracture is indeed initiated at the
inner surface. This observation strongly implies that defects in the tube
wall near the inner surface of the tube are likely to be more detrimental,
in so far as mechanical properties are concerned, than defects on or near

the ocuter surface.



6. IN=-PILE TESTING OF COMPONENTS AND MATERIALS

Fuel Element Irradiation Program

Full-Diameter Prototype FGCR Fuel Capsules (F. R. McQuilkin)

ORR Experiments (V. A. DeCarlo). Temperature data obtained during

irradiation of the group II capsules have been analyzed, and a graph show-
ing the temperature history of the cladding on capsule 05-2, which is
typical of this sel of capsules, is presented in Fig. 6.1. The tempera-
ture readings obtained from six thermocouples during a single daily ob-
servation at about midnight are averaged and plotted against time. Also
plotted are the high and low individual readings. A similar graph of all
readings taken for capsule 05-2 during reactor cycle XXV is shown in Fig.
6.2. Operating data for these capsules were presented previously.1

ETR Experiments (F. R. McQuilkin). Trradiation of 14 prototype BEGCR

fuel capsules designed to obtain various values of U0, fuel burnup is con-
tinuing in the ETR. Operating temperature data taken recently for this
group of capsules are summarized in Table 6.1. Irradiation of capsule E-9
was completed October 31, 1960, after a calculated burnup of 3177 Mwd/MT
of U0,;. Capsule E~-5R was inserted in the vacated position on November 2

and irradiation commenced November 7, 1960.

Beryllium-Cladding and UO,-Grain-Size Studies (A. A. Abbatiello, V. A,
DeCarlo, R. L. Sern, A. W. Longest)

Irradiation of the eight group IIIl capsules described previouslyl
continues in the ORR. Temperatures and pressures recorded on December 5,
1960 are listed in Table 6.2. During the shutdown for reactor cycle XXX,
which began on September 25, 1960, capsule 01-3, in which the central
thermocouple had failed,l was replaced with capsule 0lA~3. The new ther-
mocouple and the associated subassembly are shown in Figs. 6.3 and 6.4,
respectively. An electrical ground occurred during final welding of the

central thermocouple subassembly, and, with a 1 000 000-v x~ray machine

I"GCR Quar. Prog. Rep. Sept. 30, 1960," ORNL-3015, p. 107.
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Fig. 6.1. Daily Cladding Temperature History of Capsule 05-2 During Irradiation in ORR.
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Fig. 6.3. Tungsten-Rhenium Thermocouple for Installation in Center

of Capsule 01lA~3.
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Fig. 6.4. Capsule 01A-~3 Showing Central Tungsten-Rhenium Thermo-
couple Installation Subassemblies and Cladding Theruocouples Prior to
Attachment,
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penetrating the fuel and tungsten well, as shown in Fig. 6.5, 1t was ob=-
served that the coiled tungsten-rhenium Junction was touching the inside
wall of the well. The indicated performance of The thermocouple has been
satisfactory since irradiation began October 4; a temperature of 2045°F

is indicated, and the corresponding cladding temperature is about 1450°F.

Table 6.1. Typical Operating Temperatures for the Full-Diameter
Prototype EGCR Fuel Capsules Being Irradiated in the ETR

Capsule Capsule Temperature (°F) Es;;gz;:d

No. Design Highest Lowest Average (ﬁiﬁ?ﬁ%)
E-1P 1300 1293 1250 1273 1005
E-9C 1300 1355 1240 1278 3177
E-1a3 1300 1304 1225 1266 2222
E-2 1300 1175 1032 1124 581
E-3 1600 1540 1472 1504 753
E-4 1300 1345 1250 1295 2290
E-5 1300 1145 1118 1131 2013
E-6 1300 1220 1112 1184 2338
E-7 1300 1300 1203 1229 2978
E-8 1600 1520 1323 1414 998
E-10 1600 1425 1276 1342 872
B-11 1300 1140 981, 1080 302
E-12 1600 1490 1422 1460 439
E-1R 1600 1655 1505 1592 376
B-/R 1300 1300 1175 1245 247
E-5R 1600 1556 1412 1462

"Estimates of total U0, burnup are based on 200 Mev/fission and,
except for capsules E-1 and E-9, were calculated as of October 31,
1960.

blrradiation of capsule E-1 was completed October 19, 1959; the
temperature readings listed were taken on October 13, 1959, with the
reactor operating at 175 Mw; the burnup given is the final calculated
value.

“Irradiation of capsule E~-9 was completed October 31, 1960; the
temperature readings listed were taken on July 26, 1960, with the
reactor operating at 175 Mw; the burnup given is the final calculated
value.

dThe temperature readings for capsules E-1A through E-5R were
taken on November 28, 1960, with the reactor operating at 175 Mw.
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Table 6.2. Temperature and Pressure Data for the Group IIT
Capsules Being Irradiated in the ORR

Capeule Cladding Surface Temperaturea (°F) gi:;izi
No. . . N - . ) Pressure
Design Highest Lowest Average (psig)
01-3° 1600 (max) 1608 1392 1530 300
02-3 1112 (av) 1185 1075 1118 300
03-3 1112 (av) 1150 1090 1120 225
043 1112 (av) 1172 1075 1130 300
05-3 1112 (av) 1145 1042 1102 300
06-3 1112 (av) 1158 1095 1117 300
07-3 1112 (av) 1035 1005 1020 300
08-3 1600 (max) 1585 1260 1407 300

aReadtings taken December 5, 1960.

bThe temperature indicated by the central thermocouple when
these readings were taken was 2050°F.

The calculated central temperature for the estimated operating conditions
is 2170°F.

Thermal cycling is being applied to capsules 02-3 through 07-3 by
operation of the cadmium shutters. Prior tec each scheduled cycle and mid-
cycle refueling shutdown, the CEA, France, capsules (03~3 and 04-3) and
their ORNL counterpart (02-3) are subjected to 20 low=-temperature thermal
cycles at hourly intervals. The United Kingdom capsules (05-3 and 06-3)
and their ORNL counterpart (07-3) receive one thermal cycle daily. It
takes 1 to 2 sec to lower the shutters, which are held down approximately
25 win and then raised at the rate at which they were lowered. The re-
sulting decrease in heal generation is sufficient to drop the cladding
surface btemperature from 600 to about 250°C.

Capsules 05-3, 06-3, and 07-3 have exhibited rapid temperature fluc-
tuations during irrvadiation, in contrast to the stable behavior of the
capsules irradiabted in groups I and TI. Although no regular oscillation
pattern has prevailed, the temperatures indicated by the recorders for
the upper two thermocouples have fluctuated from 30 to 180°F, with a

marked tendency at times to vary only in the dowaward direction from
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Fig. 6.5. X~Ray Picture Show-
ing the Central Thermocouple in
Capsule 01A-3.

normal at frequencies of 4 to 10 cpm.
These three capsules have the lowest
power generation (9600 Btu/hr-ft,
design; ~6600 Btu/hr.ft, developed),
smallest diameter (0.039 in. o.d.),
and lowest cladding temperature. They
have a special mounting arrangement;
howeveyr, it is the same as for cap-
sules 02-3, 03-3, and 04-3., They also
have the largest thermal-barrier-gas
gap, 0.020 in. radial, of any capsules
of this design. While several pos-
sible causes have been postulated for
the fluctuations, the strongest indi-
cations are that convection disturb-
ances are occurring within the barrier-
gas annulus that affect the thermal
diffusion separation® of the He-N,
mixture in the thermal barrier and,
possibly, within the NaK region.

The magnitude of the oscilla-
tions is greatly reduced either by
use of 100% helium or by continuous
flow of an appropriate mixture of
helium and nitrogen. In the latter
case, the gas mixture must be depleted

in nitrogen to obtain the same tem~

perature as that obtalnable after equilibrium with the gas mixture static.

As a result of these findings, small gas circulators have recently

been added to establish recirculation flow in the capsules., Initial re-

sults indicate that the magnitude of the fluctuations has been reduced but

that this 1s not a complete solution to the problem.

2"GCR Quar. Prog. Rep. March 31, 1960," ORNL-2929, p. 148.
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An unusually high failure rate has been experienced with the stainless-
steel-sheathed, grounded-junction, Chromel-Alumel thermocouples. The
beryllium~clad capsules 03-3 and O0%7-3 each has only one of six thermocouples
operating, and capsule 05-3 has only two satisfactory thermocouples re-
maining. A high rejection rate was experienced during inspeciion of the

total lot of thermocouples used for the group ILL capsules.

Miniature-Capsule Fission-Gas-Release Experiments (F. R. McQuilkin, W. E.
Thomas )

The series of UO, experiments has been completed, and the last cap-
sules are presently undergoing postirradiation analysis. Operating data
for experiments completed or initiated during this reporting period are
given in Table 6.3. Experimental assembly L-24 failed on August 23, 1960,
apparently during removal from the facility tube. During removal a mani-
fold pressure of approximately 60 psig was applied to the off~gas system,
and, as a result, there was simultaneous failure of the five rubber hoses
located in the cooling-air system between the facility tubes and the ex~
haust manifold. None of the hoses in the air-supply system failed. The
failed hoses were made from reclaimed rubber and were designed for con-
tinuous service with steam at 200 psig and 390°F, conditions well in excess
of the maximum experienced during their two years of service. The fail-
ures are postulated to have resulted from reaction with ozone in the exit
air from the experiment. The ruobber hoses have been replaced with flexible
stainless steel tubing.

A series of experiments for investigating Tission-gas release and
fuel stability of small specimens of Be0-ThO,~-U0, and UC has heen initiated.
Four irradiations are currently under way, three for BeO-base materials
and one with UC, Fuel mixture IM-l-ab is being irradiated at low tempera-
tures (less than 1800°F) for a postirradiation determination of D/. The
specimens are 0.323-in.-o.d., 0.157-in.~i.d., 1/2-in.-long hollow cylin-
ders composed of 70 vol % BeO and 30 vol % U0,. Fuel mixture TM-2-2b also
consists of 70 vol % BeO and 30 vol % UO,, and each fuel pellet 1s 0.156
in. o.d., 0.079 in. i.d., and 0.250 in. long. Surrounding each pellet 1is

a 0.157-in.-1.4., 0.323~in.~0.d., 0.250-in.~long insulator Tabricated from
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Table 6.3. Operating Data for Miniature-Capsule Fission-Gas-Release Experiments

§235 Cladding Temperature Central Fuel Tempera-

Experimental . P o -~ Eetimated
Ais}\s;mbly Complg:;ion Enr?;l\}xnent (°r) ture (°F) 1n2§;§1ea Rei;&_gd (B;f;;é))
) Capsule & Capsule b Capsule & Capsule b T
L-22 U0, 10 1100 1300 1380 1500 11-10-5¢ 11-17-60 13 700
L=-24 TG, 20 1060 1300 26C0 3100 12-16-59 8=-23-60 28 000
L=-27 TO, 15 1050 1360 2000 2600 3-15-60 9—20—60a 15 200
L-28 U0, 30 1000 1300 2200 3800 4=5=60 9-20-60 14 000
=32 U0, 30 1000 1300 3200-b 3400 6~-29-60 9-20-60 7 700
IM-1-ab Be0-UC, 20 1050 1300 1150 1555 10-20-860
IM=2=ab Be0-U0y 50 1100 1300 1990 2490 9-14-60
IM=3=-ab Be0-U0,-Th0, 93 1000 1300 lSOdb 2000 11-22-60
IC-1l-2b ue 10 1050 1300 2150 2300 11-3-60

“The experimental assembly wes retracted from the reactor core on August 23, 1960, but it remained in the facility
tube until September 20, 1960.

bThermocouple failed on startup; values given are calculated.



thoria. Fuel mixture IM-3-~ab is composed of 70 vol % BeO, 17.5 vol %
ThO,, and 12.5 vol % UO,. FEach pellet is 0.177 in. o.d., 0.078 in.

i1.d., and 0.250 in. long and is surrounded by a thoria bushing 0.323 in.
o.d., 0.178 in. i.d., and 0.250 in. long. The UC test pellets, desig-
nated 1C-l-ab, are 0.262 in. o.d., 0.111 in. i.d., and 1/2 in. long. The
desired irradiation temperature is obtained by use of a 0.020~in.-radial
helium-gas gap. Central pellet temperatures are measured with tungsten-
rhenium thermocouples that are 0.072 in. o.d. snd are sheathed with tanta-
lum. The operating conditions for these experiments are given in Table
6.3.

Advanced Fuel FElement Testing (J. A. Conlin, C. W. Cunningham)

The second graphite~encapsulated test element fueled with a UC,-
graphite matrix,’ designated ORNL~-MIR-48-2, was inserted in the MIR
June 19, 1960 and removed Decenber 5, 1960. The outer surface of the lowe
permeability (1.5 X 10~8 cm?/sec) graphite container was purged with he-
lium during irradiation, and the purge effluent was monitored for activity
and sampled pericdically to determine the concentrations of the various
noble-gas fission products. The results of sampling after equilibrium had
been approached are summarized below, where the fission~-product release
rates are given as percentages of the formation rate, with the release

rate corrected to the time of emission from the fuel capsule:

Measured Release Rate

Isobope (%)
Kr85m 0.250.45
KrfiB 0.07-0.18
Xe 7.0-35
Xel35 0.004—0.03

These measurements are based on a limited number of samples, since diffi-
culty was encountered within the purge system, but they are thought to be
representative. This fuel element was tested at a maximum fission heating

rate of 140 w/cm®, and the estimated central fuel temperature was 2500°F.

3"GCR Quar. Prog. Rep. June 30, 1960," ORNL-2964, pp. 154—6.
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The measured mid-wall graphite contalner temperature was 1500°F. The ele-
ment was irradiated during eight MTR cycles for a total U23% burnup of 23
and 16 at. %, respectively, in the two sections of the fueled matrix, the
higher burnup beling in the section nearest the MIR core.

On November 18, a sudden, large increase in activity in the purge
effluent lines was observed. It 1s suspected that a rupture occurred in
the encapsulating graphite; however, absolute verification of this cannot
be established wntil the data taken at the time of the incident can be

analyzed and the fuel specimen examined.

Examination of Irradiated Capsules

LITR~Irradiated Miniature Capsules (J. G. Morgan, M. T. Morgen, M. F.
Osborne, H. E. Robertson)

Postirradiation examinations of seven LITR-irradiated miniature cap-
sules were continued. These seven capsules include Le7% and L-11 of the
old design (model 2) and capsules L-23, -24, =25, -27, and =32 (model 3),
which contained a depleted~U0,; sleeve around the hollow-pellet specimens
to act as a thermal insulator.

When capsule L~23 was pierced for fission-gas release, leaks were
found around the thermocouple seal pins on both ends. The loss of gas
from specimen & was apparently due to hot-cell handling; however, the
specimen b leak was very small and indicated a possible loss of gas during
irradiation. The U0, specimens were fused to the insulator sleeves on
both the a and b ends of the capsules, as may be seen in Fig. 6.6. Both
internal thermocouples had failed early in the irradiation. The cenbral
thermocouple in specimen b failed after reaching nearly 3400°F.

The fusion evident in capsule L-23 was not observed in capsule L-25,
which was irradiated for a shorter time at lower temperatures. In general,
thermocouple failures on capsules that did not have an obvious air leak
were accompanied by a reaction of the tantalum sheath, the insulator, and
the thermocouple wires themselves with the environment in the capsule.
Further metallographic studies have heen started in an effort to determine

whether this is an oxidation process.
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Capsule L-7x contained UQ, of 95% theoretical density and received
an estimated burnup of 2900 de/MT. The central thermocouple in specimen
a failed at startup, but the central thermocouple in specimen b remained
operable throughout the test. The maximum central U0, temperature was
2950°F, with an average of 2550°F. A decrease in the immersion density of
the pellets irradiated in capsules L-7x, L-10, and L-l1l has been found, but

the change is within experimental error (see Table 6.4). Buraup figures

Table 6.4, Data Showing Effect of Irradiation on Density of U0,
Pellets in LITR~Irradiated Capsules

Pellet Density Before Irradiation

Burnup Based  Effective Pellet Tmmersion

60 - - L
Capsule  on CO7 U0z Central g oyy porsivy  Bulk Tmmersion LoRIRY After
No. Activity Temperature - X X Irradiation
(v /M) (°F) (% of Density Density (g/cn)?
theoretical)  (g/em?) (g/cm?) &,
L-7x%a 16 000 2200 94,99 10.42 10.51 10.3
L-7xb 16 000 2450 9%.85 10.41 10.50 10.3
I.-10b 1 600 2800 95.19 10.4% 10.48 10.3
L-11a 22 000 2100 85.05 9.33 10.47 10.4

S The accuracy of these values is +0.2.

137 gona Ce144 are incongist-

calculated from radiochemical analyses for Cs
ent. Conseguently, mass spectrometric analyses of the fuel will be made
to determine the change in the U?3?-t0-U?3% ratio, which is the basis of

the most reliable method for calculating burnup (see Table 6.5).

Table 6.5. Comparison of Burnup Data for U0, Pellets
in LITR~Irradiated Capsules

Burnup (Mwd/MT)

Capsule Estimated Based on Based on
No. from Co®0 Celés U235 0.2 36
Activity Analysis Ratio
L-"7x 16 000 14 200 14 200
T-11 22 000 19 700 23 600
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The U0, control sample for both sections of LITR~-irradiated capsule
L~7x is shown in Fig. 6.7 in both the as~polished and etched conditions.
Small light colored phases can be seen evenly dispersed throughout the
control in the as~polished condition at 250X. This phase cannot be seen
in the etched condition. No chemical analysis is available on the batch
of U0, pellets from which this capsule was charged; however, the control
sample will be submitted for analysis. The gralns of the control sample
are too small to be clearly resolved at 250X.

Results of metallographic examinations of specimens L-7xa and L~7xb
are shown in Figs. 6.8 and 6.9. Grain growth occurred in both L-7xa and
IL-7xb during irradiastion that resulted in a small, equiaxed grain struc~
ture. The U0, grain size in the irradiated specimens is at least three
times larger than the grain size in the control sample. The grains in
L-7xb are slightly larger than in L-7xa, which can be explained by the
temperature gradient that existed between the upper and lower sections of
the capsule during irradiation. In both L-7xa and L-7xb, the grains near
the inner surfaces of the pellets are slightly larger than those near the
outer surfaces, which can also be explained by the temperature gradient
that existed between the inner and outer surfaces of the pellets during
irradiation. BSBeveral large voids were found in the fuel of capsules L-"7xa
and L~7xb; however, several large voids were also evident in the control
sample. Therefore, the large voilds present in the irradiated fuel cannot
be definitely attributed to a radiation effect. ©Small voids were present
that were mostly concentrated in the immer two-thirds of the pellet in the
L-"7xa section that were not present in the control sample. The pellet
from the L~7xb section had more voids at the periphery than did the L-7xa
pellet. Also, a band of higher density fuel was seen approximately one-
third of the way in from the outer edge in the L~7xb pellet. Additional
LITR miniature capsules will have to be examined before an attempt can be
made to explain the void formation.

ORR~Irradiated Prototype Capsules (J. G. Morgan, M. T. Morgan, M. F.
Osborne, H. E. Robertson)

Gamma Scan of Group IT Capsules. The nondestructive portions of the

postirradiation examinations of group IT capsules have been completed. All
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Fig. 6.8, Transverse Section of U0, Sample from LITR Miniat
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70% H,0, 10% H,SO,,

20% H,0,.

UNCLASSIFIED
PHOTO 52802

ure Capsule L-7x, Section a.
(d) Etched, 250X. Etchant:



Ge

UNCLASSIFIED
PHOTO 52803

.9. Transverse Section of U0, Sample from LITR Miniature Capsule L-7X, Section b.
ched, 100X. (b) As polished, 250%. (c) Btched, 100X. (d) Etched, 25CX. Etchant:

/



eight capsules were gamma scanned and cladding profile measurements were
taken. Three typical activity scans may be seen in Fig. 6.10. Capsule

02~-2 contained hollow pellets, 04-2 solid pellets, and 08-2 hollow pele-

lets, with a BeO center rod. The plofts show quite uniform burnup along

the length of the capsules.

Dimensional Measurements of Group IT Capsules., The outside cladding

circumferentially. The reproducibility of the measurements, listed in
Table 6.6, is *0.0005 in. The diameters and changes in diameter listed
in Table 6.6 are averages of the circumferential readings before and after
irrediation. In general, there was a decrease in diameter of from 0.001
to 0.006 in., i.e., less than 1% change. The diametral clearance between
the outer surface of the U0, and the inner surface of the cladding was
0.005 £ 0.001 in. before irradiation. The cladding had collapsed around
the U0, pellets in all but one of the capsules irradiated at 1600°F and
one~half of the capsules irradiated at 1300°F.

Circumferential ridges were formed in the cladding at the pellet
interfaces on all capsules irradiated at a cladding temperature of 1600°F.
These ridges extended about 0.005 in. above the normal cladding surface.

Capsule profiles were charted at 90-deg intervals with a moblile dial
indicator. 'The variation from straightness was 2 minimum for the capsules
containing hollow pellets that were irradisted at 1300°F and increased
with irradiation temperature. The capsules with solid pellets or central
BeO Dbushings were not as straight as the capsules with hollow pellets.

The maximum and minimum profile variations for the group IT capsules are
illustrated in Fig. 6.11. Capsule 01-2 contained hollow pellets and was
irradiated at a cladding temperature of 1300°F, whereas capsule 06~2 con-
tained hollow pellets with a central BeO bushing and was irradiated at
1600°F. The U0, burnup was about 1800 Mwd/MT in both cases.

General Conclusions Regarding Group I Capsules. In contrast to the

group I capsules opened previously, much less cracking and breaking up of
the pellets has been observed in the capsules that were opened recently.
As may be seen in Fig. 6.12, almost all the pellets in capsule 02-1 ap-

peared to be whole, and it was possible to remove some of the pellets from
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Table 6.6. Diameter Measurements of ORR-Irradiated Group IL Capsules

Cladding Measurement Average Change in
Capsule Temperature Position Diameter Diameter
Nor During Along Before After
o Trradiation Lengtn Irradiation Irradiation
(°F) (in.) (in.) (in.)
0L-2 1300 1 0.7525 0
2 0.7524 0
3 0.7526 -0.001
4 0.7526 6]
5 0.7527 0
6 0.7526 o]
02-2 1600 i 0.7529 -0.002
2 0.7529 -0.001
3 0.7528 -0.003
4 0.7531 +0.002
5 0.7531 -0.003
6 0.7529 -0.003
03-2 1300 1 0.7527 ~(0.002
2 0.7525 -0.004
3 0.7523 -0.004%
4 0.7523 -0.005
5 0.7523 -0.005
6 0.7525 0
0dim2 1.300 1 0.7526 -0.003
2 0.7526 -0.002
3 0.7524 -0.002
4 0.7523 -0.005
5 0.7522 -0.001
6 0.7523 0
05-2 1600 1 0.7527 -0.003
2 0.7524% ~0.005
3 0.7526 -0.006
4 C.7525 ~0.005
5 C.7524 ~0.003
6 0.7525 ~0.002
006-2 1600 1 0.7523 -0.005
2 0.7520 ~-0.006
3 0.7521 ~0.008
4 0.7519 ~0.004
5 0.7519 -0.005
6 0.7523 -0.003
07-2 1.300 1 0.7521 ~0.003
2 0.7520 -0.002
3 0.7520 -0.004%
4 0.7519 -0.003
5 0.7520 -0.003
6 0.7522 +0.001
08-2 1600 1 0.7520 -0.004
2 0.7519 ~-0.005
3 0.7518 -0.004
4 0.7515 -0.004
5 0.7519 -0.004
§] 0.7520 ~-0.002
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Fig. 6.12.

ORR-Irradiated Capsule 02-1 with Cladding Removed to Show
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the can undamaged, as shown in Fig. 6.13. It is felt that the improved
condition of the pellets is due to improved techniques and more careful
handling in the hot cell. The conelusion is reached that the pellets were
whole while in the reacbor, but they were full of small cracks and perhaps
microcracks. They were therefore fraglle and easily broken during handling.
The BeO bushing from the center of capsule 06-1 is shown in Fig. 6.14.
It was not badly damaged, but some reaction areas are evident. Deposits
that were presumed to be BeO were found on some of the UQ, pellets (see
Fig. 6.15). It has been postulated that the deposits, which were too thin
for sampling, were formed by the water vapor within the capsule causing
the BeQ to hydrolize at the high central temperatures. The Be(0H) thus
formed migrated to cooler surfaces, where it disassociated into BeO and

H,0. The BeO remained on the cooler surface and the water vapor returned

UNCLASSIFIED UNCLASSIFIED
PHOTQ 51865 PHOTO 51866

TOP BOTTOM

Fig. 6.13, U0, Pellet 220~5 Which Was Removed Intact from Capsule
02-1. Fine cracks are visible.
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to the central BeO plug to continue the reaction, migration, and deposi=

tion cycle.

UNCLASSIFIED % UNCLASSIFIED
PHOTO 51302 : PHOTO 51900

Fig. 6.14. BeO Bushing from Capsule 06~1 Showing Reaction Area. (a)
Reaction area, 4.7X. (b) Entire bushing.

§UNCLASSIFIED
PHOTO 51892

Fig. 6.15. Pellet 226-7 from Capsule 06-1 Showing BeO Bushing and
Discoloration on U0, Pellet,
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Instantaneous Fission-Gas~Release Experiment

(R. M. Carroll, M. D. Karkhanavala)

Examination of Thin~Plate UQ, Sample

The fuel capsule that contained the thin-plate U0; sample that was
the source for the instantaneous fission-gas-release experiments was ex~
amined in the GE~Vallecitos hot cells., The U0, fuel had been oxidized
during irradiation by trace quantities of oxygen in the sweep gas, and
hydrogen had been added to the sweep gas to reduce the fuel during irradiae-
tion. During the time the fuel was in the reducing atmosphere it became
obvious, from temperature relationg, that the thin-plate sample had broken
and perhaps crumbled near the end of the run. When the capsule was opened,
it was Tound that the U0, was in granules 0.050 in. in diameter or smaller.
This extreme fragmentation is not characteristic of irradiated UQ, and can

probably be attributed to the reduction reaction.

Tests of a Graphite-Clad U0, Sample

A sample of high-density U0, (0.50 in. o.d., 0.50 in. long, with a
0.23~in. axial hole) clad in low~permeability graphite treated with a
0.001-in. coating of pyrolytic carbon was irradiated to evaluate the ef-
fectiveness of the graphite~carbon cladding in retaining fission gases.
This sample leaked fission gas from the very beginning of the irradiation.
The amount of fissgion gas emerging from the sample increased with tempera-
ture. There were thermocouples pressed against the graphite cladding, but
the temperature of the U0, can only be estimated.

Bursts of activity were produced with very little temperature change
when the sweep gas was changed from helium to argon. The activity increase
was abrupt when the argon reached the sample, whereas a time lag would be
expected for a low-permeability cladding. The bursts were analyzed, and
the major part of the gamma activity was due to Xel??, xel?? ) xr®5M ang
Kr®8, Other isotopes of xenon and krypton were present, but their contri-
butlon to the total activity was small. The flow rate of the sweep gas
gave a 36-min decay time between the fuel and the spectrometer, so the

very short~lived isotopes had decayed.
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The steady-state release of Xel35 from the graphite~clad U0, was com-
pared with release from unclad U0, (see Table 6.7), and no significant
difference was found. The ratios of isotopes of xenon and krypton were
compared for the three samples, since any holdup by the cladding would re~
sult in a relative increase of the longer-lived isotopes, but there was

135 4,133 85m
, Xe , Kr®”2%, and

no significant variation in the proportions of Xe
Kré® released from unclad and clad UOs. These observations have led to
the conclusion that the graphite cladding on the sample now being irradi-
ated is broken (possibly becaunse of differential thermal expansion between
the U0, and graphite) to the extent that it allows rapid passage of gas
toward or away from the UO0p, even when no pressure differential exists.
The argon sweep gas penetrates the broken graphite, and, because of the
poor thermal conductivity of argon (compared with that of helium), the
temperature of the U0y increases and causes an increase in the Tission-
gas-release rate. The graphite barrier between the thermocouples and the
U0, masks the high temperature increase of the UO,.

A comparison of the relative percentages of the different isotopes
of xenon and krypton as they emerge from the fuel may offer an important

tool for evaluating the gas-retention properties. The isotopes Xe133,

Table 6.7. Comparison of Steady-State Release of
Xenon from Various Types of Fuel Malerial

Irradiation Steady State
Fuel Material Temperature Release of Xe'l3?
(°F) (%)
Unclad ThO,~-U0, mixture 1660, gas 0.036
1877, pellet surface 0.1
Unclad thin plates of U0, 1942, maximum 0.023
Graphite~clad UQO,
Sample 1 720, graphite cladding 0.019
870, argon atmosphere 0.023
1100, U0z pellet 0.09
Sample 2 640, graphite cladding 0.001
1100, helium atmosphere 0.009
1140, U0, pellet 0.018
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Xe135, Kr85m5 and Krd8 appeared to be retained by the U0, for the same
average btime, in the order of 5 hr, so a higher proportion of Xel33 (5-

day half-life) was released than Kr®® (2.8 hr), and the other isotopes

were released in proportion to retention time. The retention time varied
with temperature. Because of the wide range of temperatures (which could
not be measured) in the graphite~clad sample, no definitive study can be
made of the variation of retentlon time with temperature. It is especially

133

interesting to note that, although Xe is released after an apparent

holdup time in the U0, of only a few hours at the temperatures employed,

the amount of Xel?3

released was only a very small proportion (less than
0.1%) of the total formed. This seems to indicate that all the gas formed
in a particular part of the fuel escapes with the same average time of
diffusion and the gas formed in another part either does not escape or
escapes so slowly that radiocactive decay is the dominant loss for these
isotopes.

The graphite-clad sample has been removed from the LITR facility for
these experiments, and thin-plate samples of high-density U0, have been
ingerted. Fisslon-gas-release studies and thermal- and electrical-

conductivity measurements will be made with these samples.

Oxygen~to=Uranium Ratio Determinations (M. D. Karkhanavala)

The properties of U0, fuel elements are influenced to a large extent
by the oxygen-to-uranium ratio. Consegquently technigues for determining
the oxygen-to-uranium ratio of irradiated UQs are being studied. The
methods commonly used for determining excess oxygen in unirradiated U0,
are (1) determination of “otal oxygen in a given weight of the sample,
(2) determination of the concentration of Ut ions (and U** ions) in a
given welight of the sample by either reduction-oxidation titration or
polarographic analysis, and (3) determination of the weight change upon
complete oxidation to Usz0g. The determination of the ratio in irradiated
fuel is made uncertain, however, by (1) burnup of a certain percentage of
the uranium, which cannot be determined with the degree of accuracy rew-
quired for the over-all estimation, (2) the generation of fission products,

which oxidize simultaneously with U0y, (3) the varying and uncertain degrees

263



of oxidation of the fission products, and (4) the intense radiation, which
disassoclates the oxidizing chemicals used in normal analysis. Further,
the method of analyesis must be amenable to adaptation for use in a hot cell.

A review of the existing methods has indicated that the thermogravi-
metric and polarograpnic methods, with minor changes, would be best suited
for analyzing irradiated fuels. In the thermogravimetric method, 1t i1s
possible to reduce the uncertainty caused by oxidation of fission products
to within the limits of experimental error and to make a determination
with a normal accuracy of 0.0l in excess oxygen by using a very small
sample, about 10 to 20 mg, and employing a quartz spring-suspension balance.
Experiments on oxidation of simulated fission product mixtures have shown
that this method could, at best, be used for fuels with burnups of less
than 1000 de/MT. Higher burnups yield sufficient fission products to
reguire corrections for the oxidation of fission products. Since the un~
certainties involved in making these corrections are large, the method is
not recommended in the higher burnup ranges.

The polarographic method, with minor modifications, is the most promis-
ing for all ranges of fuel burnup, and greater attention is being given
to developing and adapting this method for use in hot cells. It has the
advantage that weighing in the hot cells is eliminated and, except in
cases of very high burnups, only the dissolution part of the procedure
needs to be carried out in the hot cells. The actual polarographic run
can be made ocutside the hot cell by locating the reduction cell behind 4
in. of lead shielding.

The procedure being adapted for this determination consists of (1)
dissolution in an inert atmosphere of a small amount of the U0, in about
4N HpS04, with small amounts of fluoride added if required to aid dissolu-
tion, (2) meking up the solution to a known volume, (3) polarographic
determination of the U®' concentration in an aliquot of the solution, (4)
total oxidation of an aliquot of the solution to convert all U** to U6+,
(5) polarograsphic determination of the total U®? in the aliquot obtained
in step 4 (this total U* determination could also be made coulometrically),
(6) caleulation of U*t and US* ion concentrations from results obtained in

steps 3 and 5, and (7) caleulation of the oxygen~to-uranium ratio.
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During this work, it was found necessary to have a standard with a
known and reproducible oxygen-to-uranium ratio. The air oxidation of
vo (x <0.33) at 250°C gave a stable and reproducible compound of the

24x
composition Us0y that has served as a convenient standard.

ORR Closed-Cycle-Loop Experiments

(R. E. Reagan, C. D. Baumann, J. G. Morgan)

Graphite~Canned U0,

A capsule containing two siliconized silicon carvide-coated graphite-~
canned U0p cylinders that was irradiated to a dose of 2.2 X 10?0 neutrons/cm?
at a coating temperature of 1500°F has been removed from the ORR closed-
cycle~loop facility for examination. There was evidence of fission-gas
release during the final thermal cyele before removal from the reactor.

Two samples of UO, canned in uncoated low=-permeability graphite have
been irradiated for 1000 hr at 18C0°F and have been withdrawn from the
reactor flux zone. TFisslon-gas-release measurements will te made when the

capsule 1s plerced during hot-cell examination.

Graphite-Canned UC, Dispersed in Graphite

Qut-of-pile tests are being conducted on two types of 29.7% enriched
UC, dispersed in graphite and camned in siliconized silicon carbide-coated
graphite. In one type of sample, the fuel matrix is integrally bonded to
the graphite contaliner. The other type of sample is canned in the con-
ventional manner. One of the bonded samples has been heated by radio-
frequency induction from 200 to 1800°F more than 12 000 times without
welght or density changes. Both bonded and canned samples have been heated

in air to 1800°F for 200 hr without weight or density changes.

Facility Modifications

After sample failure during two successive capsule irradiations, the
in~-pile tube assembly of the closed-cycle loop had become contaminated to
an activity level that prevented continuved use. A new in~pile tube assembly

has been built and is scheduled for installation. The loop is being
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redesigned to consist of a single-~pass, air-ccoled system, with helium gas
as the fission-gas-transport medium. The new loop will include a stainless-
steel~gauze trap located directly above the reactor vessel to collect

daughters of short-lived fisslon gases.

Radiation Effects on Structural Metals

Pressure Vessel Steels (R. G. Berggren, T. J. Humphreys)

Equipment for irradiation experiment ORR~8, in which tensile and im-
pact specimens of a weld metal and several steels will be irradiated at
150 to 700°F, has been assembled and will be inserted in the ORR during
the January shutdown. This equipment also includes a controlled tempera-
ture facility for study of aging phenomena in zirconium-niobium alloy
crystals. This equipment will, in addition, be used for some preliminary
measurements of Fast-neutron spectra in the poolside facility.

Designs have been completed for improved irradiation-experiment as-
semblies for use in the ORR poolside facilities. A flux-monitoring as-
sembly has been designed that duplicates the specimen loading of the ex~-
periment assecmblies and permits improved fast-neutron dosimetry measure-
ments. This assembly will be used in several poolside positions fto map
the neutron spectra and distribution.

A set of tensile and impact test specimens of ASTM A-212, grade B,
steel were installed in GCR-OFER loop No. 1, and a similar set of E-7016
weld metal specimens are being prepared Tor subsequent exposure in the
same facility.

The three long~-term experiments Tor which the ORNL Graphite Reactor
was to be used have been postponed indefinitely because of high cost and
uncertainty of obtaining meaningful data. Other means for obtaining long-

time, low~-flux exposure data are being studied.

Beryllium (J. R. Weir, W. W. Davis)

Postirradiation examination of specimens from the Tirst high-tempera-~

ture beryllium irradiation experiment is under way. The specimen histories
v y

266



and density-change data were given previously.4 The results of simple room-
temperature bend tests performed on the specimens indicabe that the beryl-
lium was not embrittled by the irradiation and that the strength at room
temperature was only slightly impaired. These results are consistent with
the hypothesis that the helium generated by the (n,2n) and (n,) reactions
exists as relatively large bubbles within the beryllium and therefore per-
mite easy plastic deformation. If the helium existed as a fine array of
minute bubbles, a strengthening effect and ewbrittlement would be predicted.
Metallographic examination has confirmed that the gas collected as large
bubbles, as shown in Fig. 6.16. The difference between the unirradiated
and irradiated beryllium is evidenced by the larger and more numercus dark
areas on the photomicrograph of the irradiated specimen. It is postulated
that the gas agglomerated on the inclusions that may be seen in the un-
irradiated specimen. Close observation of the irradiated specimen reveals
that some of the gas also precipitated in grain boundaries. Metallographic
analysis of these specimens is continuing.

In the second high-temperature beryllium-swelling experiment, speci-
mens were held at 500, 600, and 700°C and exposed to a dose of approxie-
mately 1.4 X 1020 neutrons/cm? (>1 Mev) during a one-month reactor cycle.
The specimens used 1in this experiment were representative of the following
fabrication schedules: (1) hot pressing (commercial and high purity),

(2) hot extrusion (rod), (3) unidirectional hot rolling, and (4) hot cross
rolling.

The density decreases observed for these speclmens were in the range
0.2 to 0.5% + 0.2%. Similar data obtained for beryllium held at 700°C
Tor one month in the absence of irradiation indicate density decreases of
0.2 to 0.3% + 0.2%. Thus the data indicate that the swelling of beryllium
under the conditions in this experiment was smaller than the experimental
error in density measurcment.

- Bend test results indicate that the mechanical properties (strength
and ductility at room temperature) were not affected by the irradiation.
Hardness measurements, metallographic examinations, and gas analyses willl

be performed on some of the specimens from this experiment.

4"GOR Quar. Prog. Rep. June 30, 1960," ORNL-2964, pp. 176~8.
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Specimens from the cold irradiation experiment, in which the exposure
was 6 x 1020 neutrons/cm?® (>1 Mev) at 120°F, have been bend tested in the
as-irradiated condition. The results indicate that embrittlement occurred.
In the case of specimens fabricated from hot~pressed block, unidirectionally
rolled sheet, and cross rolled sheet, the deflection at fracture has been
decreased to one-half to one-~sixth the preirradiation deflection. Along
with this loss in ductility, there were reductions in strength, as measured
by the load at fracture in the bend tests. Results for specimens manu-
factured by hot extrusion indicate fracture deflections one-twelfth the
preirradiation value. Comparison of these data with data for other types
of fabrication may indicate an orientation-dependent effect. It may be
possible to check this point by examining the preferred orientation in the
specimens. Postirradiation-annealing experiments are under way to deter-
mine the time~temperature relationships for the annealing of the defects
that cause the embritilement of the specimens and to investigate the swelling.

The third high-temperature-swelling experiment 1g under way in posi-
tion B-8 of the ORR. In this experiment, tubular specimens are being held
at 600, 700, and 750°C and will be teken to an exposure of 4 X 10?0 neu-
trons/em? (>1L Mev). Tubes manufactured by machining from hot-pressed block,
machining from warm~extruded rod, warm extrusion, hot-impact extrusion, and
hot extrusion are included in this experiment.

Equipment was constructed for two in-pile tube~burst experiments, and
the experiments are under way in an ORR poolside position and in core posi-
tion B=8. 1In these experiments the stress-rupbure strength of beryllium
tubes will be investigated at 600°C as a function of neutron exposure up

to 4 x 10?9 neutrons/cu? (>1 Mev).

Type 304 Stainless Steel (N. E. Hinkle, J. W. Woods, J. C. Zukas)

The cladding material for the EGCR fuel elecments, type 304 stainless
steel, 1s being tested in in-plle tube-burst-type stress-rupture tests.
The results of the first test are presented in Table 6.8. The dabta ob-
tained in out-of-pile tests of similar specimens are not yet complete
enough for conclusive comparison. In the second experiment, ten tube

burst specimens of type 304 stainless steel (Superior Tube Company, heat,
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Table 6.8. Results of In-Pile Tube~-Burst
Tests of Type 304 Stainless Steel
at 1300°F in Air

Flux: 10%? neutrons/cw?.sec (>1 Mev)

Specimen Stress Time to Rupture
No. (psi) (hr)
15-2 13 000 130a

3 13 000 197
6 13 000 144
8 13 000 122
4 11 000 512
7 11 000 480
10 11 000 462
1 9 000 1680b
5 2 000 >185Qb
S 9 000 >1850

Trradiated at 1300°F tor approximately
8400 Mw~hr prior to application of stress.

bTest concluded before rupture.

No. 2399x) were tested at temperatures of 1500 and 1600°F in air. The
stress levels were chosen to provide rupture within the duration of the
experiment, but, as a result of excessive reactor downtime, three speci~
mens did not rupture., Table 6.9 summarizes the results of this experiment,
previous comparable experiments, and the avallable out~of-pile data on
this heat of material.

It is apparent that at 1500°F, neutron bombardment reduces the rupture
strength of this material by about 1500 psi in the stress range studied.
Both the in-pile and out-of-pile data are fairly consistent and reproduc-
ible. The out-of~pile available data for this material from tests at

1600°F are insufficlent at present for comparison.

Inconel (N. E, Hinkle, J. W. Woods, J. C. Zukas)

Specimens from six special heats of Tanconel are being prepared for
in-pile tube~burst tests. These heats, which were received from the Tnter-

national Nickel Company, have different boron contents, as follows: Theat
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Table 6.9. Results of Tube Burst Tests of Type 304
Stainless Steel in Air in the ORR

Flux: 2 X 1012 neutrons/cm?.sec (>1 Mev)

Trradiation

Specimen Stress Temperature Dose at Time to Rupture
No. (psi) (°F) Rupture (hr)
(Mw~hr)
(a)g 6300 1500 0 510°
(a) 6300 1500 0 490
97 4 6300 1500 0 184
(a)y 5800 1500 0 690
(a) 5250 1500 0 1330
(a) 5250 1500 0 1250
97 5000 1500 5 400 337
9-8 5000 1.500 8 300 518
(a) 4200 1500 0 24,50
(2) 4200 1500 0 1650
7-3 4000 1500 12 300 895
9-6 4000 1500 8 900 672
17-3 4000 1500 36 900 g514
17-10 3500 1500 50 080 >1600°
17-1 3000 1500 50 090 >1600
17-9 3000 1500 50 080 >1600
17- 5060 1600 3 750 49
(a) 3700 1600 0 265
17-5 3000 1600 13 500 AVA
17~6 2600 1600 27 100 870
174 2200 1600 43 900 1430
177 2200 1600 47 400 >1505%

a a . .
Out-of-pile specimens.

bThese specimens are 6 in. long, All other specimens are 2 1/2 in.
long.

a1 out-of-pile data were recelved from J. W. Woods and J. T.
Venard of the ORNL Metallurgy Division. The stresses were recalculated
to correspond with those used for the in-pile specimens.

dThis specimen was stressed after 11 500 Mw~hr of irradiation at
1500°F.

®rnree specimens held at 1500°F had not ruptured when the experi-
ment waes terminated.

"This test was terminated when the thermocouples falled and con-
trol was lost.
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0B, <10 ppm; heat 2B, 20 ppm, natural B; heat 10B, 100 ppm, natural B;
heat 4B 11, 40 ppm, enriched in B'; heat 6B 11, 60 ppm, enriched in B'Y;
heat 6B 10, 60 ppm, enriched in B0, Specimens are also being prepared
from two heats of Inconel which were previously tested in the reactor.
These heats, MIR Inconel and CX-900 Inconel, contain 30 and 40 ppm natural

boron, respectively.
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7. OUT-OF-PILE TESTING OF MATERIALS AND COMPONENTS

Compatibility Tests of Graphite, Structural
Materials, and Helium

(J. H. DeVan, A. M., Smith)

Tests have been in progress for evaluating the behavior of stainless
and low-alloy steels during extended exposures in helium contaminated
with impurities desorbed from graphite. The planned experiments have
been completed, except for those dealing with controlled C0,-CO impurity
additions.

The fourth controlled impurity experiment (TCL No. 13) was rua to
evaluate the oxidation resistance of wrought chromium steels in helium
containing 500 ppm (by volume) CO, and 450 ppm (by volume) CO. The impure
helium was circulated at a pressure of 30 psig by natural convection
through a type 316 stainless steel section heated to a maximum tempera-
ture of 1100°F and a section cooled to 500°F. Specimens of the various
steels listed in Table 7.1 were suspended in the heated section of the
loop and were surrounded by a cylinder of AGOT graphite. In additicn, an

independently heated type 304 stainless steel tube was mounted above the

Table 7.1. Results of Thermal-Convection Loop Test No. 13 in Which
Steel Specimens Were Exposed at 1100°F to Helium Containing
500 ppm CO, and 450 ppm CO

Weight of Film

ggmpositiog of Specimeg Weight Removed from Weight o? Metal
Steel Sp201men Ga1n2\ Specimen Reactlgg
(wt %) (mg/cm?) (mg/om? ) (mg/cn? )
Mild steel (0.15 C) 3.5 12.8 9.3
2.25 Cr, 1 Mo, bal Fe 2.9 10.5 7.6
3 Cr, 0.9 Mo, bal Fe 2.1 7.9 5.8
5 Cr, 0.5 Mo, bal Fe 1.6 5.9 4.3
7 Cr, 0.5 Mo, bal Fe 0.24
12 Cr, bal Fe 0.11
18 Cr, & Ni, bal Fe° 0.17

aType 304 stainless steel.
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specimens and was maintained at a temperature of 1500°F. All specimens
were exposed to the loop atmosphere for a total period of 740 hr,

The extent of the oxidation that occurred during this test is indi-
cated in Table 7.1. The steels that contained less than 7% chromium
gained appreciable weight and had relatively heavy, poorly adherent oxide
films. Evidence of the poor adherence of the films is presented in Fig.
'“.1l, which shows specimens exposed in test No. 13. The mild steel speci-
men and the specimen containing 5% Cr showed scaling or blistering of the
oxide film. As may be seen, the extent of scaling was considerably less
for the chromium-containing steel. In contrast, steel specimens con-
taining 7% or more chromium had relatively thin, extremely adherent oxide
films and showed minor increases in weight. The type 304 stainless steel
specimen shown in Fig. 7.1 is typical of the steels containing 7% or more
chromivm. The type 304 stainless steel tube which was independently heated
to 1500°F had a somewhat heavier but equally protective oxide film.

The amount of metal 1ost by the lower alloy steels due to oxidation
was determined by completely stripping the oxide films and comparing the
welghts after stripping with weights before the test. Stripping was ac-
complished by applying adhesive tape to each side of the specimen. The
oxide film adhered to the tape and was completely taken up as the tape
was pulled from the specimen. The amounts of metal that reacted with the
oxygen in the loop atlmosphere are also listed in Table 7.1. The equiva-
lent loss of wall thickness ia the specimen that contained 5% chromium
wag calculated to be approximately 0.1 mil.

As reported previously,l’2 two loop experiments that were similar to
test No. 13, but for which the impurity levels in the helium were higher,
also resulted in scaling of carbon and medium~alloy steels. The helium
circulated in the first of these loops (TCL No. 10) contained 1320 ppm
CO, and 1850 ppm CO, whereas the helium circulated in the second (TCL No.
12) contained 1500 ppm CO, and 1800 ppm CO. The weight gains of specimens

UGCR Quar. Prog. Rep. June 30, 1960," ORNL-2964, pp. 186-8.
2"GCR Quar. Prog. Rep. Sept. 30, 1960," ORNL-3015, pp. 123—%.
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exposed in these btests are compared in Fig. 7.2 with the weight gains of
the corresponding specimens from test No. 13. It is apparent that differ-
ences in the ratios and amounts of CO and CO, among these tests had little

effect on the rates of oxidation (based on weight changes). However, a

UNCLASSIFIED
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MILD STEEL AlSI 502 STEEL TYPE 304 STAINLESS STEEL
5% Cr,0.5% Mo, BAL.Fe 18% Cr,10% Ni, BAL.Fe

Fig. 7.1. Steel Specimens After Exposure to Helium Containing 500
prm CO, and 450 ppm CO for 740 hr at 1100°F.
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Fig. 7.2. Weight Gains of Mild ana oot 7.1, and test temperatures

Wrought Chromium-Containing Steels Fx- were identical to those of Test
posed to CO0p-CO Impurities in Helium No. 13

at 1100°F. Since the graphite used

in this test had previously been
degassed in test No. 13, 1t was anticipated that an impurity level of
500 ppm or less of CO and of COp; would be easily attained during test
No. 14. However, even with a continuous low-volume purge from the system
and periodic bleeding and repressurization, the concentration of CO;
reached values of 900 to 1000 ppm for a short period of time after opera-
ting conditions were established. Hydrogen and water vapor concentra-
tions during this period reached peaks of 0.98 and 0.06 vol %, respec-
tively. Continued purging of the loop reduced the impurity levels of
both CO and CO, to below 500 ppm, and the system was then allowed to at-
tain equilibrium without Turther purging. A gradual reduction in CO and
CO, was observed over the next 200 hr, and the quantities of both fell
to approximately 100 ppm, where they remained during the rest of the 1000-
hr test period. Disassembly of the test system has been completed, and

preparations for test No. 15 are being made.

Tests of Prototype EGCR Purification System

(A. M. Smith, R. E. MacPherson)

A gag-purification system for treating the helium to be used as the

coolant in the EGCR is required to limit the graphite burnup to 1% of the



reactor inventory during a 20-yemr period and to limit the graphifte mass
transfer resulting from the CO-C0Os; reaction to 500 1b during the same
period. The impurities to be removed from the helium stream will be
introduced by materials within the system or by inleakage from the sur-
rounding environment. The allowable concentrations of impurities in the

helium stream are gilven below:

Allowable
Concentration
Tmpurity (ppm by vol)
COs 1600
H, 2000
N, 140
Cco 140

Further, H,O inleakage is to be limited to approximately 0.75 lb/day, and
the moisture content of the helium recycled from the purification system
is to be held to approximately 10 ppm by weight.

As presently designed (see Fig. 7.3), the purification system in-
corporates a platinum-catalyst-bed converter which, with 0y additions,
will oxidize the Hy, and CO. The purification system is fed by two con-
tinuous helium streams, one from the blower seal leask-off system and an-
other from the low-pressure leak-off system. A third stream that is con-
nected intermittently, with an estimated operating time of 300 hr per
year, is introduced from the reactor coolant system through the catalytic
converter when Hy; and CO levels in the coolant exceed the allowable limits.
Another intermittent stream comes from the dryers during regeneration of
these units.

These combined streams pass through the cooler, where water vapor is
condensed, and then through a water separator. A compressor increasges
the gas pressure and forces the gas through a second water separator,
through a dryer, and out through a filter to the vessel cooling system.
Removal of COp from the coolant stream will be accomplished by inter-
mittent operation of the COp adsorber when the level in the return stream

to the vessel cooling system becomes excessive.
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Fig. 7.3. EGCR Helium Purification System.

Tests are being carried oul on a small-scale model of this purifica-
tion system, The test system, shown in Fig. 7.4, is installed as a bypass
loop on a forced~circulation loop that is being used for materials com-
patibility studies. The main loop consists of a compressor, a heater, a
materials test sectlon, and a steam cooler. Graphlte sleeves that mock
up a fuel element channel, a dummy fuel element assembly, and metal test
specimens are located in the materials test section of the loop. The
purification system 1s composed of a preheater on the inlet line, a cata-
lytic converter with provisions for O injection upstream, a water-cooled
condeunser, a water separator, a silica-gel bed for final moisture removal,
and a molecular-sieve bed for CO, removal. Throttling valves in the inlet
and exit lines and a flowmeter are used to control the flow of gas through

the system.
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Pig. "7.4. SBmall-Scale Model of ECCR Helium Purification System.

A gas chromatograph, to which gas samples can be fed from various
taps on the main test loop and the purification system, is uszed for im-
purity analyses. The instrument is capable of analyzing for Hp, COz, Oi,
Np, CHg, and CO and produces a complete analysis every 20 wmin,

The gams is analyzed for water vapor with an electrolytic cell unit
which continuously and quantitatively adsorbs and electrolyzes all water
present in the gas sample. This unit is connected to the gas chromato-
graph header to provide for sampling at the same positions as the gas
chromatograph.

The test program on the purification system was divided into three
phaseg., The First phase involved the removal of H, and/or CO inJected
into the main loop while it was operating at a low temperature. This
procedure permitted operation of the catalytic converter without the

presence of exltrancous impurities outgassed from the graphite and, at the
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same time, prevented reaction of the injected impurities with hot metal
surfaces in the main loop. In a typical test run the purification system
preheater was used to heat the bypass stream to the catalytic converter
to 1050°F at the desired flow rate. Hydrogen and/or CO was then injected
into the main test loop until a desired impurity concentration was ob-
tained. Oxygen was then injected in controlled amounts into the bypass
stream lmmediately upstream of the catalytic converter to remove the H,
and/or CO. Gas samples from either the main test loop or the coanverter
outlet were then analyzed by the gas chromatograph in order to follow the
Impurity removal and to indicate the point during the O, injection period
where excess 0, was being added to the system.

The second phase of the test program involved the removal of the
various gaseous Impurities outgassed from the graphite contained in the
main test loop when the loop was heated to operating temperature. This
phase was initiated by heating the main loop to 1400°F for 3 hr and then
reducing the temperature to 1050°F before opening the purification system
and starting the removal of the degassed impurities. Cleanup of the de-
gassed Impurities was accomplished in two steps. First, the purification
system was placed on stream and the CO, was removed with the molecular-
sieve adscorber, and, second, the iy, CO, and CH, were removed by oxidation
in the catalytic converter.

The third phase of the test program consisted of operating the test
loop at temperature and, by use of the purification system, maintaining
acceptable impurity levels while making controlled injections of water
into the main loop helium stream.

Ten tests were conducted during the first phase of the test program.
During all tests, the main loop was operated at approximately 100°F, the
purification system preheater was used to heat the bypass gas stream to
1050°F upstream from the catalytic converter, and the gas chromatograph
was connected to the catalytic converter outlet to monitor the impurity
levels during O, Injection.

Results of the first seven tests, in which oxygen was injected at the

rate of 5 cm? (8TP)/min, are shown in Table 7.2. Representative plots of
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Table 7.2.

0, injection rate at catalytic converter:

5 cm®/min

Results of First-Phase Oxidation Studies of (Gas-
Purification System

Impurity Con-
centration at

Impurity Con-
centration at

Purification Duration of Start of Oxygen End of Oxygen Material
System s . X . ; o
0O, Addition Injection Injection Balance
Flow jjate (1in) (ppm) (ppm) (%)
(lb/hr) po bp o
Hp 10] Hs co
0.37 52 1115 525 0.4
0.37 69 1145 360 20.6
0.818 72 1000 a0 100.6
0.818 116 1440 95 92.3
0.818 112 1395 75 93.9a
0.33 38 190 1085 130 760 80.8
0.818 103 120 1170 45 310 72,5

a
Material balances for the tests with (0 are low because the

CO concentration readings are influenced by CO holdup in the

molecular-sieve bed used to adsorb COs.

impurity concentration versus time are presented in Figs. 7.5 and 7.6.

The curves show the theoretical concentrations of H, and CO at the con-

verter inlet and outlet based on an initial system impurity level of 1500

ppii. The circles represent the actual converter outlet H, or CO analysis

obtained with the gas chromatograph.

In the Hy, removal plot (Fig. 7.5), the points agree fairly well with

the curve, and the final Hp concentration is close to the predicted value.

The water in the converter outlet stream rose during the 0, injection

period and then fell.

length of line between the converter cutlet sampling point and the

The shift in the water curve

is attributed to the

water

analyzer and to the inherent lag in the instrument when exposed to high

concentrations of water vapor.
The measured initial concentration of 0, given on the plot is

tionable, since 1t indicates that Hy; and 0, were coexisting in the

ques -~

loop.

A check on the gas chromatograph with a standard sample revealed a slight

upward shift in the zero point during the 0, analysis, hut the shift was
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discrepancy. On this basis, the

s ’ indicated value for 0, was as-

1

| cataLyTic converTER ouTLeT | Sumed to be false, and an arbi-

trary zero for O, was taken at

I I

120 160 200 240 280 this point. Some O, undoubtedly
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passed through the catalyst bed

Fig. 7.5. Comparison of Predicted  during oxygen injection and was
(801id Lines) and Actual H, Removal
from Helium Bypass Stream by Cata-
lytic Converter. The actual 0, level measured is,

respousible for the increase shown.

again, Iin doubt, since continued operation after oxygen injection was
conpleted showed H, and 0, coexisting in the loop. The efficiency of
the catalyst bed in preventing 0, carrythrough is undoubtedly lower in
this test system than it would be in the reactor application because of
more pronounced edge effects. The catalyst chamber is an 8-in. length
of 1-in. pipe, and the catalyst pellets are 1/4 X l/4«in. cylinders. The
bed circumference-to-volume ratio is large, and bed packing is not as
uniform as would be expected in a larger diameter vessel filled with the
1/4~-in. pellets.

The results for CO removal (Fig. 7.6) are similar to those for H,
removal. One difficulty encountered is the holdup of CO in the molecular-
sieve bed that is used to adsorb the CO,., This holdup interferes with

the measurement of the CO in the loop and is partially responsible for
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Three other tests were car-

ried out in whieh the guantity
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Results of these tests are pre-

sented in Table 7.3. Oxygen was
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Fig. 7.6. Comparison of Pre- chromatograph analysis obtained

dicted (Solid Lines) and Actual CO
Removal from Helium Bypass Stream by
Catalytic Converter. duced the oxygen concentrations

20 min after the one which pro-

tabulated in Table 7.3 showed a zero impurity level and a higher concen=-
tration of 0, at the converter outlet. BSuch analyses obviously do not
represent the actual situation, since they indicate that the system im-
purities had been removed before sufficient Op had been added to accomplish
the removal stoichiometrically. Buch analyses could result, however, from
poor mixing of the bypass stream with the malin loop stream, from poor Op
flow control at the low flow rates required toward the end of the cleanup
period, or from failure of the stepwise O, injection to duplicate the
theoretical curve exactly. Continuous monitoring of the converter efflu-
ent for H,, CO, and O, should effectively prevent the problem of excess

0, in the EGCR application. However, if a concentration of 17 ppm O, in

the effluent is assumed, a calculation based upon 300 hr per year operation



Table 7.3. Results of Oxygen Injection as a Fixed Percentage
of the Amount Required for 100% Oxidation

Step 1 Step 2 Step 3

0, addition rate, % of stoichiometric 50 80 62

Initial impurity level, ppm by volume

Ha 1500 1740 1480
co ~].500
0, level at catalytic converter outlet,
ppm 17 10 17
Time after start of 0, injection, min 7 2 2
Total 0, injection pericd, min 33 27 39

of the converter shows that the maximum burnup over 20 years of operation
would be only 2.3% of the design allowable burnup of 3500 1b.

The second phase of the test program consisted of degassing the
graphite in the main test loop and the removal of the impurities by use
of the purification system. The impurity levels of Hp, CO,, and CO reached
peaks higher than could be measured by the gas chromatograph during the
degassing period at 1400°F, and consequently gas samples were removed from
the main test loop for mass spectrometer analysis in order to evaluate the

peak concentrations. These peak concentrations were:

Concentration
(vol %)
Hs 2.26
COy 0.19
N, + CO 1.03

The combined #total of N, and CO is shown because both constituents have
the same mass number, and accurate individual identification is not pos-
sible with the mass spectrometer. The maximum value Tor CH, was cbserved

to be 0.79 vol % by the gas chromatograph and 0.56 vol % by the mass spec-

trometer analysis.
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Following the establishment of a maximum impurity level and the re-
duction of main loop temperatures from 1400 to 1050°F, cleanup of the de-
gassed impurities was accomplished in two steps. The first step consisted
of placing the purification system on stresm and reducing the CO, level
with the molecular-sieve adsorber. The concentration of CO, was suc-
cessfully reduced from 9100 to 40 ppm in less than 20 min (<2.5 gystem
turnovers). The second step consisted of removing H,, CO, and CH, by
oxidation in the catalytic converter. This was accomplished during four
individual 0, injection periods; the results are described in Tadble 7.4.

In the third-phase of the program, five water-injection tests have
been completed, Preliminary results indicate that although there is a
glight increase in the H,, CO, and H,0 levels, the addition of water vapor
while the purification system is operating causes no serious problem in
maintaining acceptable impurity levels in the loop.

Three tests were conducted with the dryer and CO; adsorber on stream
while injecting water vapor for a period of approximately seven days. The
remaining two testes consisted of injecting water vapor into the loop with
the purification system shut off and then operating the water and COp ad-

sorbers to remove the impurities. TIn all tests, flow through the

Table 7.4. Results of Various Steps in Second Phase of Gas-
Purification System Studies

Step 1 Step 2 Step 3 Step 4

Initial impurity concentration, ppm

Hp 20 200 2 600 240 100

Co 3 440 1 800 800 580

CH, 6 300 5 500 116 40
0, injection rate, cm® (STP)/min 80 10 5 5
Total injection period, min 25 70 45,5 42
Final impurity concentration, ppm

H, 3 900 300 100 50

CO 1 300 310 420 190

CH, 3 600 260 90 20




purification system was 0.37 lb/hr and, except in the final test, where

approximately 0.2 cm?

of water was Iinjected directly into the loop, the
water injection rate was 0.11 cm?® (liquid)/hr.

Results of the three tests in which the adsorbers were operated con-
tinuously showed an initial increase of 300 to 700 ppm H,, 40 to 80 ppm
CO, and 200 to 300 ppm H,O shortly after the water injection was started.
However, after 24 hr of operation, the impurity levels appeared to reach
an equilibrium, and they fell slowly over the remainder of the test period.
The maximum values observed during these tests were of the order of 0.1
vol % Hy, 0.04 vol % H,0, and 0.010 vol % CO. The CO, level was kept at
10 ppm or less over the entire test period as a result of constant removal
by the CO; adsorber.

The final two tests were conducted to determine the rate of water
and CO, buildup in the loop when the purification system was aot in use.
The first of these consisted of injecling water vapor at a rate of 0.11
cm3/hr for approximately 5 hr and allowing the various lmpurity concen-
trations to build up and remain in the system for an additiocnal 16 hr.

When the purification system was put on stream there was a rapid reduction

in CO, and water levels and a gradual reduction in the hydrogen level. As

would be expected, the buildup of CO, in this test occurred much sooner and
reached a higher concentration than in the previous tests.

3 of water

The last test consisted of injecting approximately 0.2 cm
directly into the loop which had previously been contaminated by direct
injections of Hp, CO, and CO,. The water concentration was then allowed
to reach its peak and start to fall off before operation with the puri-
fication system dryer and CO, adsorber on stream. Results of this test
showed that the water concentration rose rapidly from 4 ppm to 190 ppm
and, within 6 hr after the purification system was started, the concen-
tration was reduced to 10 ppm. The hydrogen concentration during this
period went from 960 to 1200 ppm and back to 1000 ppm. The CO, concen-
tration remained unchanged, and, once the CO, adsorber was placed in

operation, the observed values were readily reduced to the order of 1 to

5 ppm.
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The results of this test program have led to the following con-
clusions: (1) The removal of CO; and H,0 is straightforward. (2) Re-
moval of large quantities of Hp and CO, as well as the impurities de-
gassed from the graphite, has no adverse effect on the oxidizing catalyst.
(3) Oxygen breakthrough in the catalytic converter is not a serious prob-
lem with injection rates of up to 80% of stoichiometric, and it is felt
that even better results can be obtained in a larger purification system
where control of the O, injection will be simplified, the edge effects of
the catalyst pellets will be smaller, and continuous monitoring of the
converter effiuent for O, should be avallable. (4) Water injection rates
higher than the allowable EGCR rate and system water concentrations higher
than expected in the reactor coolant did not produce unacceptable Hp, CO,

and CO, levels with the purification system on stream.

Evolution of Gas from Graphite

(L. G. Overholser, J. P. Blakely)

Experimental studies of the degassing behavior of selected grades of
graphite have been continued with the use of the techniques described
previously.3 A series of graphite samples prepared from needle coke by
the Speer Carbon Co. have been degassed to ascertain what effect varia-
tions in the particle size of the coke mix might have. High-temperature
degassing studies have been made on needle coke graphites prepared by
National Carbon Co. and Great lakes Carbon Corp. that had been examined
earlier at lower temperatures. Rate data have been obtained for several
of these graphites at 600 and 1000°C along with data related to the volume
and composition of gas evolved.

The graphite samples examined during this quarter included:

1. SP21B (grade 940), which is a Speer Carbon Co. 4 1/2 x 4 1/2-in.
extrusion prepared from a No. 60 flour mix of Great Lakes Continental

needle coke.

3"CR Semiann. Prog. Rep. June 30, 1959," ORNL~-2767, p. 190,
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2. SP22B (grade 950), which is the same as sample SP21B except that
a No. 50 flour mix was used.

3. SP26A, which is similar to sample SP21B, except that it received
additional purification.

4. BP28A, which is the same as sample SP22B, except that it was
given further purification.

5. 8P29A (grade 964 ), which differs from samples SP26A and SP28A
only in that a regular-particle-size coke mix was used. Results for the
less pure counterpart, SP23B, were given previously,4 along with a de-
scription of this graphite,.

6. GLC, which was prepared by Great Iakes Carbon Co. from needle
coke as described previously.5

7. AGOT-LS, which was prepared by National Carbon Co. from needle
coke as described previously.5

Data obtained by degassing specimens of the various types of graphite
at a maximum temperature of 1000°C (external resistance heating) are given
in Table 7.5. The temperatures listed are the temperatures of gas col-
lection. The corresponding gas volume represents the volume of gas
evolved between that temperature and the next lower temperature, with a
large fraction of the gas being collected at the recorded temperature,
(The volume given for 300°C represents the gas collected between room
temperature and 300°C.)

The data given in Table 7.5 show that the degassing behavior of these
graphite samples is very similar. The total volume of gas evolved through
1000°C ranges from ~7 to 10 ecm® per 100 ecm? of graphite and the ratio of
Hy to CO + CO, 1s at least 2 in all cases. A large Traction of the total
gas evolved was collected above 600°C in all instances. These results are
in agreement with those reported earlier® for sample NW964. These results
indicate that variations in the particle~size distribution in the coke

mix do not have a significant effect on the gas content of the graphite.

4"GCR Quar. Prog. Rep. June 30, 1960," ORNL-2964, p. 190.
S"GCR Quar. Prog. Rep. Sept. 30, 1960," ORNL~3015, p. 125,
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Taple 7.5, Volume and Composition of Gas Bvolved by 1 l/2—in.-diam, 2-in. -Long Speer Carboa Co. Graphite
Specimens at 300, 600, and 10C0°C

Gas Constituents

. . Gas Volume
Graphite Temperature Time (cm3/lOO om®

- - -
Serple (°c) ) Hs Hydrocarbons -0 CO» P CO

of graphite)

vol % em3 vol % cm® vol % cm® vol % cn® vol % cw® vol % 3
8P6A-18 200 17 0.5 4 11 58 0.3 & 15 0.1 5
600 22 2.6 20 0.5 28 C.7 16 0.4 10 0.3 4 0.1 23 0.6
1000 20 7.1 €0 57 3 0.2 0.9 0.1 0.8 0.1 056 __ 15 1.1
Total 10.2 6.2 0.9 0.8 0.4 0.2 1.7
SPR6A-2B 300 12 C.4 4 16 0.1 46 0.2 7 17 0.1 7
600 9 2.4 12 0.3 21 0.5 i2 G.3 8 0.2 3 0.1 41 C.9
1000 12 6.1 8 4.9 2 01 0.4 04 __ G7 __ 16 1O
Total 8.9 5.2 C.7 0.5 0.2 0.2 1.9
SP28A-1 300 16 0.4 4 16 0.1 55 0.2 5 12 0.1 6
600 23 1.5 18 0.3 24 0.4 16 0.2 i3 0.2 3 26 C.4
500 95 8.6 2 7.0 2 01 05 __ 03 __ 0.6 0.1 15 1.3
Total 10.5 7o C.6 C.4 0.2 0.2 1.7
SP28A-2 300 9 0.4 7 1% 0.1 50 0.2 4 0.7 18 0.1
600 23 1.6 18 0.3 24 0.4 21 0.3 ic 0.2 3 24 0.4
1000 65 6.7 7% 50 3 0.2 0.6 __ 04 __ 0.7 21 1.4
Total 8.7 5.3 Q.7 C.5 0.2 1.9
SP2CA-1A 300 16 0.4 6 24 C.1 36 0.1 7 13 0.1 i3 0.1
600 6 2.1 20 0.4 31 0.6 10 0.2 11 0.2 5 0.1 2% 0.5
1000 39 6.2 76 4.9 0.6 __ 04 ___ 04 __ 9 0.6 11 0.7
Total 8.7 5.3 0.7 0.2 0.8 1.3
SP2OA-3A 300 5 0.7 4 15 0.1 54 0.4 6 15 0.2 5
600 i© 3.2 27 0.9 30 0.9 14 0.4 7 0.2 4 0.1 19 0.6
1000 19 5.0 77 3.8 2 0.4 5 0.3 0.2 __ 0.9 __ 15 0.8
Total 8.9 &7 1.1 1.1 0.2 C.3 1.4
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Taple 7.5 (continued)

Gas Constituents

Craphite Temperature Time Gas Volume

3 /4 a3 I Gl -
Sanple (o) (hr) (im /%OQ}fm Hp Hydrocarbons H,0 €0,
of graphite)

vol % om® wvol % cm® vol %4 em® vol % cm? 3
SP2OA-2A 300 16 0.6 5 20 0.2 33 0.2 7 0.1 0.1
500 7 1.7 17 0.3 12 0.2 i5 0.2 i5 0.3 0.1 0.6
1000 46 5.3 8C 4.2 1 C.1 0.4 0.2 0.1 0.9
Total 7.6 4.5 0.5 0.4 0.3 0.3 1.6

SP21B-1 300 16 0.5 3 9 55 0.3 5 0.1
500 23 1.8 24 0.4 30 0.6 18 0.3 7 0.1 0.1 0.3
1000 21 4.6 73 3.4 3 0.1 0.% 0.6 1.1
Total 6.9 3.8 0.7 0.6 0.1 0.2 1.4
SP21B-2 300 6 0.4 17 0.1 9 21 0.1 7 0.1 0.1
600 16 1.4 20 0.3 34 0.4 10 0.1 9 0.1 0.1 .3
1000 21 4.5 73 3.3 3 0.1 0.3 0.4 1.1
Total 5.3 3.7 0.5 0.2 C.1 0.2 1.5
SP22B-3 3C0 11 0.5 6 21 0.1 18 C.l 11 0.1 0.1 0.1
600 22 2.4 20 0.5 32 0.7 14 G.3 9 0.2 0.1 0.5
1000 26 7.l T4 5.% 2 0.2 i 0.1 0.2 0.1 1.6
Total 10.3 5.9 1.0 0.5 0.3 0.3 2.2
SP223-2 300 16 0.5 6 2% 0.1 18 0.2 11 0.1 3 0.1 0.1
500 26 2.% 25 0.6 26 0.6 i3 0.3 10 0.2 4 0.1 0.5
1020 50 7.0 75 5.3 2 0.1 0.4 0.2 C. 0.1 1.5
Total 9.9 5.9 0.8 0.4 0.3 0.3 2.1




Other variables in the manufacturing process are probably more important.
The similarity of the results given for the A and B series graphite sam-
ples is unexpected. The A series samples, as noted, had received addi-
tional purification and, as a conseguence, had higher DIH purity than the
comparable samples in the B series. The fact that there is no significant
difference in the degassing behavior of these specimens suggests that the
higher purity graphite may have been subjected to exposure conditions
different from those of the B series of samples prior to outgassing.

Data obtained by degassing the different graphite samples to a maxi-
mum temperature of 1800°C by induction heating are presented in Table
7.6. Where data are given only at 1800°C, the specimen was heated to
1700°C for 30 to 60 min in contact with the evolved gas; the temperature
was lowered; the gas was pumped off; the temperature was brought up to
1800°C, while pumping; and the temperature was then held at 1800°C until
the evolution of gas was essentially complete, In the other runs, the
specimen was heated to 1000°C without pumping, held at 1000°C for 1 hr,
and cooled; and the evolved gas was pumped off. The temperature was then
returned to 1000°C, while pumping, and held at 1000°C until the gas evo-
lution was essentially complete. The gas collected at 1400°C includes the
gas pumped off while raising the temperature from 1000 to 1400°C plus that
evolved during the holding pericd at 1400°C. Similarly, the 1800°C frac-
tion was collected while raising the temperature to 1800°C, as well as
while heating at 1800°C.

A comparison of the data for the Speer Carbon Co. samples in Table
7.6 reveals no marked differences in the outgassing behavior. The B series
of samples evolved somevhat less gas than the A series despite the fact
that the A series received additional purification. No gross differences
are evident, however, that might be attributed to variations in the parti-
cle size of the coke mix employed for the various samples. It may be
noted that, except in one instance, the ratio of Hp to CO + CO, in the
evolved gas 1s greater than one, Also, these samples evolved an appreciable
fraction of their gas at temperatures above 1400°C.

Preliminary data reported previously” for the Great Lakes Carbon Co.

needle coke graphite suggested a rather low gas content. Subsequent data,
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Table 7.6. Volume and Composition of Gas Evolved by 1 l/4-in.-diam, i-in.-long Graphite Specimens at
1000, 1400, and 1800°C

Gas Constituents

Gas Volume

Graphite Temperature Time , 3/ 3 j S
Sample {°c) ‘) \im /lpO.cm 2 Hydrocarbons Hp0 COz N»
of graphite) -
vol % cm? voi % cm® vol % ecm? vol % cm’ vol % em?  vol
National Carbon 1000 6 37.2 45 16.9 0.5 0.2 0.2 0.1 0.2 0.1 0.4 0.4 53
AGOT-15-5 1400 5 g.9 34 3.1 0.7 0.1 0.2 0.2 61 5.4 3
1800 I 5.7 o4 3.6 0.8 0.1 9 0.5 25
Total 51.8 23.6 0.3 0.1 0.1 6.3
AGOT-15-4 1800 9 69 26 18 C.4 0.3 0.6 0.4 1.4 1.0 9 6.0 53
AGOT-1S-8 1800 3 51 &0 30 0.7 Q.4 0.8 0.4 0.4 0.2 4.1 2.1 35
AQOT-1S-7 1000 5 39.8 by 17.5 0.5 0.2 0.4 0.2 0.3 0.1 1 0.5 54
1400 5 6.8 14 1.0 0.3 2 0.1 0.3 20 1.4 63
18CC 3 2.1 7 0.2 0.2 0.4 33 0.7 58
Total 48.7 18.7 0.2 0.3 3.1 2.6
Great lLakes 1000 7 14.1 56 7.9 2 0.3 0.4 C.1 1.4 0.2 0.4 0.1 40
GIC-3B 1400 11 14.9 48 7.2 0.6 0.1 0.1 0.2 3 0.4 48
1300 9 10.0 69 6.9 1 0.1 0.1 10 1.0 20
Total 39.0 22.0 0.5 C.1 0.2 1.5
GIC-IA 1800 11 45 67 33 0.6 0.3 0.1 3 1.4 29
GIC-1B 1800 10 47 66 31 .7 0.3 0.1 0.2 0.1 2.6 1.2 31
GIC-3C 1800 g 40 47 19 0.4 0.2 0.2 0.1 0.2 0.1 4 1.6 46
GIC-3D 1000 5 17.2 62 16.7 2 0.3 0.2 1.4 0.2 3.5 0.1 34
1400 5 15.1 61 3.3 0.7 0.1 0.3 0.2 2 0.3 35
1800 7 8.8 72 6.3 g.g Q. 9 0.6 18
Total 41.1 26.3 0.5 0.2 1.2




Table 7.6 {Continued)

Gas Constituents

Gas Volume

£6c

Graphite Tenperature Time  03/100 o3 T, Hydrocarbons H,0 o, N,
Sample (°c) (k) (i
of graphite)
vol % cm? vol & em® wvol % cm® vol % cm® vol % cr® vol %

Speer 1600 7 13.4 56 7.5 8.9 C.1 C.3 .5 0.1 14 1.9 28 3.7
SP26A-2A 1400 i2 13.3 75 10 .9 G.1 o C.1 W1 0.4 21 2.8
1800 14 9.4 45 4.3 0.3 2 0.6 46 4.5
Total 36.1 21.8 0.2 G.1 0.1 2.9 10.8
SPR26A-1A 1800 12 41 78 32 .5 .2 A 0.2 0.2 0.1 0.6 20 8.2
SP28A-5 10C0 6 i6.6 71 11.8 2 0.3 0.2 0.8 0.1 0. 5 4.1
1400 8 i3.4 65 8.7 0.5 0.1 .5 0.1 0.2 0.3 2 C.3 3 4.2
1800 7 10.6 39 4,1 1 0.1 3 .3 4 C.4 52 5.5
Total 24,5 0.5 0.3 0.7 G.7 13.8

SP28A-4 180C 7 72 28 7 0.3 .6 0.2 2 0.1 0.3 26 i0

SP28A~6 1800 8 68 24 L7 0.2 .5 2 0.3 C.1 0.3 30 11
SP29A-2B 1006 8 84 16.5 1 0.2 .5 0.1 C.4 0.1 0. 14 2.8
1400 7 70 9.0 0.7 0.1 i C.2 2 0.3 27 3.5
1800 14 54 7.2 0.5 0.1 0.1 4 0.5 41 5.5
Total 32.7 0.4 0.1 0.1 0.8 11.8

SP294A-1A 1800 9 71 36 .5 C.3 .5 0.3 0.1 0.1 2 24 i2

SP29A-4B 1800 g 77 33 .6 C.2 .2 0.1 .2 0.1 0.3 21 9
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mable 7.6 (Continued)
Gas Constituents
Graphite Temperature Time Gas Volume
sraph e oo (cm3/100 cm? Eydrocarbons H,0 €O, Wy co
Sample (°c) (r) of graphite)
vol % cm? vol % em® vol % em® vol 4 em® vol % cm® vol % cm’
SP213-5 1000 7 i6.2 e 11.8 2 0.3 0.6 0.1 0.8 0.1 0.5 0.1 24 3.9
1400 23 15.0 67 10.1 0.8 0.1 0.5 0.1 0.2 2 0.3 29 4 b
1800 7 7.5 43 3.2 0.4 0.2 7 0.5 49 3.7
Total 38.7 25.1 0.4 0.2 0.x 0.9 12.0
SP21B-3 1800 8 40 63 25 0.4 0.2 0.4 0.2 c.1 4 1.6 32 13
SP21B-4 18C0 7 36 72 26 0.5 0.2 0.2 0.3 Q.1 2 0.7 26 9
SP22B-5 1000 7 10.1 78 7.9 1 0.1 0.4 0.4 20 2.0
1400 7 7.2 66 4.7 0.4 2 0.1 4 0.3 28 2.0
1800 i6 8.3 17 1.4 0.1 0.3 &) 0.5 76 6.3
Total 25.6 14.0 0.1 0.1 0.8 10.3
SPR2B-3 1800 g 30 by 13 0.6 0.2 0.3 0.1 0.4 0.1 1 0.3 53 16
SP22B-4 1800 10 22 53 12 0.8 0.2 C.1 0.5 Q.1 1 0.2 46 10
SP22B-6 1800 7 32 75 24 C.7 0.2 0.8 0.3 0.2 0.1 1 .3 22 7




given in Table 7.6, fail to agree with the earlier data, and it is now
believed that the higher values are more representative of the gas content
of this graphite. The total gas content, relative composition of the
evolved gas, and the volumes evolved at the various collection tempera-
tures for the GIC graphite appear to be quite similar to those given for
the SP graphite. The other needle coke graphite, namely AGOT-1S, which
was prepared under specifications similar to those for the GIC graphite,
evolved glightly more gas than did the GILC graphite. Differences in the
compositions of the evolved gas are also evident. AGOT-18 graphite
evolved a large fraction of the total gas at 1000°C, and only small
amounts were collected above 1400°C. The GIC and AGOT-IS graphite speci-
mens were manufactured by different vendors and the differences noted in
their degassing behavior are undoubtedly due to unknown variations in the
manufacturing processes.

Rate data obtained for several of the SP graphite samples are given

in Figs. 7.7, 7.8, and 7.9. Data reported for 600°C were collected from
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specimens previously degassed at 300°C, and, similarly, the 1000°C data
were obtained from specimens previously degassed at 600°C. Data collected
during the first hour after attaimment of the test temperature may not be
reliable, because gas 1s evolved while the specimen is coming up to tempera-
ture and the rate of evolution may exceed the capacity of the pump,

The rate data given in Figs. 7.7 and 7.8 show that at 600°C a plot
of the volume of gas evolved versus the log of time gives a linear relation-
ship. Similar results have been found for SP26A and SP29A specimens,
although these are not presented. This behavior is in agreement with that
found previously4’5 for specimens prepared from needle coke by the Speer
Carbon Co. and the Great Iakes Carbon Corp. In contrast, the rate data
obtained at 1000°C, also presented ian Figs. 7.7 and 7.8, indicate that the
relationship between the volume of gas evolved and time is not linear at
the higher temperature. The data for all three samples (SP21B, SP22B, and
SP28A) give curves which show upward curvature; however, there is also some
indication that essentially linear relationships exist over certain inter-
vals of the time recorded. The data for the SP22B and SP28A specimens are
also given in Fig. 7.9, where the volume of gas evolved is plotted against

the square root of time. Treated in this manner, the data for SP28A
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graphite show two regions where essentially linear relationships exit,
but the slopes of the two sections of the curves differ. This behavior
suggests that different processes of gas evolution exist during the early
and latter parts of the degassing period. It is known that the compo-
gition of the evolved gas changes with time when a specimen is orought
up to 1000°C from 600°C and held at 1000°C. The relative concentration
of hydrogen increases at the expense of the CO + COp concentration, and
it appears likely that the change in slope noted may be associated with

these changes in relative concentrations as the degassing proceeds.

Transport of Gases Through Graphite

(W. T. Ward, N. V. Smith)

A series of room-temperature permeability determinations were made
on a typical EGCR-moderator graphite block. Of the 12 specimens cutbt from
the same block of AGOT needle coke graphite, eight gave permeabilities to

helium of between 25 and 70 millidasrcys, in good agreement with the values
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reported perviously®:7 for AGOT. On the other hand, permesbility values
for the other four specimens ranged from 100 to 200 millidarcys. The

data are indicatlive of the considerable variation which may be encountered
even 1in the same block of graphite.

It is anticipated that graphite of considerably lower permeability
will be required for certain reactor applications. Therefore studies are
being made of the permeabllily and related characteristics of low-perme-
ability materials. An apparatus has been built and is now in use for ob-
taining permeability data in the range of K = 107% to 10-% cm?/sec, where
kA )

P AP

A L
Wha “ KT &P =07 Py

a a

In this expressiocon Qa is the volumetric flow rate of gas (measured at
pressure Pa) which passes through a graphite specimen of cross sectional
area A and thickness L under a pressure drop AP. Permeability may also

be expressed in terms of viscosity of the gas according to the relation

where p is the viscosity of the gas. When 1 is expressed in centipoises
and. Pm in atmospheres, k is in darcys.’ For permeable materials, k is a
true constant that is independent of Pm and .

The apparatus provides for measuring the rate of pressure rise on
one side of a previously evacuated specimen while applying 2 constant gas
pressure to the other side. It is designed to accommodate graphite pipe
or tube specimens up to 2 1/4 in. in outside diameter and 7 in. in length.
The ends of the specimen are sealed off with brass plates and neoprene
gaskets under pressure. This assembly is enclosed in a container con-
sisting of an 8-in. section of standard 4~in. pyrex pipe with flanged

ends and metal end plates. This container serves as the pressure chamber

©"GCR Quar. Prog. Rep. Sept. 30, 1960," ORNL-3015, pp. 137-41.

“N. V. Smith and Jack Truitt, "EGCR Graphite Permeability Tests:
Results of Forced Flow Experiments on EGCR Fuel Element Sleeves and Sleeve
Material," ORNL CF-60-7~101 (July 29, 1960).
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in which up to five atmospheres of pressure can be applied to the outside
of the specimen. A tubing connection through the end plate connects the
interior of the specimen to a series of calibrated metal containers in
which the pressure rise is measured with a specially designed Mcleod gage.
The linear scale of the gage has a range of 0 to 15 mm Hg that can be read
accurately to 0.02 mm Hg. A flow diagram of the system is shown in Fig.
7.10. The gasometer and other equipment used in calibrating the volume of
the systen are also indicated.

It is thought that this apparatus can be adapted to lower permeabllity
measurements by substituting electronic vacuum gages for the Mcleod gage.
However, no graphite with a permeability less than 1075 cmz/sec has been
obtained tlhus far.

Two types of graphite have been investigated with the new apparatus:

tyoe CEY (National Carbon Co.) pipe, 1 1/4 in. o.d., 7/8 in. 1.4., and a

UNCLASSIFIED
GRNL-LR~DWG 55032

T
CARBON SEPTUM He

TANK
Y AW
..o b l=—GLASS PIPE

PRESSURE

{l
‘ \\n GAGE
T

N >— NEOPRENE SEALS (TOP AND BOTTOM) ~
> £
HINAN / FLANGED END PLATES
L"“_*“Ff//

% X

TO
4 He <G
\/ R TANK

Hg

EAialN o

100~ce
BURETTE 1-titer

CAN
VACULIM PUMP

MANOMETER

MCLEOD GAGE

S
D

79-in. MANOMETER

\SPECJAL MCLEODD GAGE

3-liter
CaN

Fig. 7.10. Flow Diagram of Apparatus for Iow~-Permeabllity Measure-
merts.

299



UNCLASSIFIED e frg e .
ORNL- LR-DWG 55033 plece of duPont's “explosively

(xec®)[ ] - I, compacted high-density graphite."
o B . B “ Two specimens of the CEY graph-

ite (adjacent cuts from the same

piece of pipe) were tested with
argon and found to differ in

permeability by more than a fac-

tor of 2, as shown in Fig. 7.11.

K, PERMEABILITY (cm?/s22)

were determined by utilizing cne
of these CEY specimens and three

different gases. These data are

plotted as a function of mean

o 02 04 06 08 10 12 {4 16 pressure in Fig. 7.12. The fact

MEAN PRESSURE (atm) .
that the coefficients are higher

Fig. 7.11. Permeability to Argon
of Two Adjacent Cuts of Type CEY
Graphite Pipe. the lower viscosity of CC,. When

for CO, than for argon is due to

the permeability constant, k, is plotted versus the reciprocal of the mean
pressure, as in Fig. 7.13, it can be seen that the constant tends to vary
inversely with the square root of the molecular weight of the gas. Wheu
these curves are exbrapolated to infinite mean pressure (l/Pm = 0),

ean
they tend to converge at a single point that may be considered as charac-

The permeability coefficients

teristic of the particular graphite and is not dependent on gas properties.

Treatments given to graphite for the purpose of reducing 1ts perme-
ability frequently result in a permeability gradient through the graph-
ite, with the surface layers being more impermeable than the material in
the interior of the specimen. As a rough measure of the extent of this
phenomenon in CEY graphite, a specimen of CEY pipe for which argon perme-
ability data had previously been obtained was put into a lathe and cuts
approximately 0.009 in. deep were taken from both the ocutside and inside
surfaces. This reduced the thickness of the specimen by approximately
10%. 'The permeabillity to argon at 25°C and a mean pressure of one atmos-

phere rose from K = 5.5 x 1077 em?/sec to K = 19.4 X 1077 em? /sec.
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The permeability to helium of the dquPont "explosively compacted high-
density graphite" at 25°C was found to be 2.5 X 107% cm®/sec, and it did
not vary with mean pressure. Following this determination, the specimen
was baked at 1000°C in a helium atmosphere for 1 1/2 hr. After cooling
to room temperature, the permeability was redetermined and was found to

have increased by approximately a factor of 9.

Investigation of Adsorbers for Removing [ission-Product
Gases from Coolants

(W. E. Browning, R. D. Ackley, R. E. Adams)

Investigations are under way of means for removing radioactive vola-
tile fission products from coolants in gas-cooled reactors and loops in
order to prevent contamination of eguipment and to reduce the hazard that
would result from release of the coolant to the atmosphere. Iodine,
krypton, and xenon are the principal contaminants to be removed from
coolants and other carrier gases.

Tests conducted in the study of the removal of radicactive jodine
vapor from high-temperature helium streams have indicated that activated
charcoal removes iodine vapor with high efficiency at temperatures as high
as 430°C. A test bed of activated charcoal (Pittsburgh BPL, 8/14 mesh)

3 in. in depth, operating at either 300 or 430°C, removed 99.9% of the
iodine vapor from a helium stream moving at a veloclity of 25 ft/min. In
these experiments the adsorbed lodine was not removed from the charcoal

by continued helium flow for periods of up to 3 hr. Other experimenters
have indicated, however, that continued helium flow will slowly remove

the iodine contained in a charcoal bed.® Therefore radiocactive iodine
vapor was adsorbed from a helium stream onto a 0.375-1n.-deep charcoal bed
(Pittsburgh BPL) operating at 320°C, and the elution characteristics were
studied. After 144 hr of operation at temperature, it was found that only

16% of the iodine initially present on the bed had been retained.

8J. T. Sox and D. J. Burkhart, "JTodine Sorption in Charcoal Filters
at High Temperatures,'" KT-540 (October 3, 1960).
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In order to obtain comparative data, two experiments have been run
with silver-plated copper ribbon (10 wt % Ag) as the iodine-removal ma-
terial. Todine vapor, tagged with 1131, was injected into a 6-in.-deep
bed of the ribbon at a temperature of 320°C for 20 min in helium at a
linear velocity of 13.6 ft/min. The helium flow was continued for 166.5
hr after injection of the iodine vapor. In order to measure gas velocity
effects, the linear velocity of the helium sweep gas was varied inter-
mittently from 2.7 to 42.6 ft/min over the duration of the test. At the
end of the test it was determined that 99.3% of the injected iodine had
remained on the Ag-Cu bed. The major fraction of the eluted iodine passed
from the bed during the first several hours of operation. Over the re~
mainder of the run the rate of release of iodine was barely detectable.

A second bed of Ag-Cu mesh, Q.33 in. in depth, was then studied to
obtain data on the characteristics of iodine release from silver surfaces.
The manner of construction and mode of operation were very similar Lo
those used for the tests with the 0.375-in.-thick bed of BPL charcoal.
After operation at 320°C for 193 hr, this Ag-Cu bed was found to have re-
teined 95.7% of the iodine initially present. The manner and rate in
which the iodine was eluted from the silver surface was significantly
different from the iodine elution from charcoal. The data obtained thus
far are insufficient to define quantitatively the mechanism of release of
iodine from charcoal or silver surfaces, and experimental work and theo-
retical analyses are in progress. It may be observed, however, that silver
appears to be a more promising lodine-removal material than charcoal for
application at high temperatures under EGCR conditions.

A re-evaluation of the previously reported® design of the charcoal
trap in the nitrogen leak-detection system for GCR-ORR loop No. 1 is in
progress. Changes in operating conditions and additional laboratory data
on adsorption of krypton from slowly moving gas streams necessitated the

re-evaluation. Experimental krypton elution curves were obtained under

R. E. Adams and W. E. Browning, "Evaluation of Activated Charcoal
Fission Gas Adsorbers Designed for the GCR-ORR Ioop Experiment No, 1,"
ORNL CF-60-1-24 (March 16, 1960).



the new coanditions, and these data are being used to revise the calculated
radiation doseg that could be produced by release of fission gases from
this charcoal trap.

In adsorbers operating at low carrier gss velocities, the transport
.of krypton or xenon by longitudinal diffusion assumes importance. Conse-
quently, a study of this mechanism was undertaken, as mentioned previ-
ously,lO in order to provide information useful for predicting adsorber
performance under low-velocity conditions. Natural krypton with Krf?
tracer is injected in one end of a charcoal column, and the relative kryp-
ton concentration as a function of time is messured at the other end by
a G-M counter tube. The data are analyzed in accordance with the follow-

ing equation:ll

18

+

1 . arh ~(n?7°Dt/H?)
-a Sin . CCs nyg e

as)iny
SRR

C
Co

L

-

where Cq 1s initial krypton concentration in that portion of charcoal of
length h into which krypton is injected, C is concentratlion at otner end
of column of over-all length H, D is the effective diffusion coefficient,
and t 1s time. The actual value of h 1Is not important for the present
purposes when h << H. By comparison of experimental data with quantities
calculated from the above equation with the aid of an Oracle program and,
also, by use of the equation in an approximate straight-line form, which
is applicable at sufficiently high Dt/Hz, effective diffusion coefficients
may be evaluated. This was done for recently obtained measurements for
krypton diffusion through Pittsburgh PCB 12/30 activated carbon. The
results for 0, 25, and 60°C, respectively, with static helium at 1 atm as
the predominant component of the gas phase, were 0.0021, 0.0057, and 0.0141
cm2/sec. These coefficients are approximately inversely proportional to

the corresponding slopes of the adsorption isotherms of krypton on PCB

10"GCR Quar. Prog. Rep. Sept. 30, 1960," ORNL-3015, p. 149.

Hpor derivation see, for example, Richard M. Barrer, "Diffusion in
and Through Solids,"” p. 14, Cambridge University Press, 1941.
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charcoal, which is a consequence of the relative quantity of krypton
available for gaseous diffusion being determined by the extent of ad-
sorption.
A few measurements were made at 24°C to briefly investigate the effect
of krypton concentration on its transport through charcoal by diffusion.
No appreciable effect was observed at this temperature for a variation in
krypton concentration over a factor of 7. Further work will include analy-
ses of other available data and an effort to relate quantitatively the
effective diffusion coefficient with various gas and adsorbent properties.
Static or equilibrium krypton and xenon adsorption isotherms have been
determined for some adsorbent samples of interest. Such data are useful
as a check of dynamic adsorption measurements and, also, for providing

information on xenon adsorption, because the Xel33 tr

acer for dynamic
measurements is not as readily available as Kr8%. When the isotherms are
linear, the slopes or V/P (ratio of volume adsorbed to pressure) mey be
identified theoretically with the dynamic k-value. When the isotherms are
non-linear, the V/P ratios and k-values are a function of pressure, which
must be recognized in the caleculation of holdup times. The isotherm re-
sults, which were obtained at the Oak Ridge Gaseous Diffusion Plant, are
summarized in Table 7.7, along with a few k-values for comparison. The k-
values are those obtained with helium as the carrier gas, since helium is
not appreciably adsorbed at these temperatures and so does not interfere
with krypton or xenon adsorption, except as it might hinder the attaimment
of equilibrium. The agreement between k-values and V/P ratios is satis-
factory, which is indicative of the usefulness of the static data.
Retention of fission-product gases by Linde molecular sieves partially
saturated with water and/or carbon dioxide is of importance because the
sieve beds are being considered for removing traces of water vapor and
carbon dioxide from various coolant streams associated with reactors.
Possible applications are the EGCR helium experimental loops and pebble~
bed reactor coolant side streams. Since the molecular sieve beds may be
vented to the atmosphere on regeneration, the guantity of retained radio-
active gases must be low. An investigation for determining the extent of

such retention was made by members of the M.I.T. Practice School. Details
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Table 7.7. Adsorption of Krypton and Xenon from Helium Carrier Gas

Isotherm Pressure Average or Rangea . DyFam}c
. Gas . A Adscrption
Adsorbent N Temperature Range of V/P PO .
Absorbed (°c) (mm) (CMB/”-aTm> Coefficient, k
AN (em?-atm/g-atn)
Columbia G, 8/14 Kr 0 0.07-1.98 139
25 0.05-2.32 61 61
o0 0.02~2.49 24 23
Xe 0 0.16-2.0C 4000-2200
25 0.09--2.00 1240940
60 0.07-2.22 460290
Columbia ACC, 6/14% Kr 0 0.08-2.16 114 119
25 0.30-2.33 49 57
&0 0.17-1.97 22
Xe 0 0.16-1.85 31001700
25 0.11-1..88 950760
&0 0.33-1..%4 270-230
Colurbia HCC, 12/28X Kr Q 0.13-1.94 114 112
25 0.34—2.21 51 57
60 0.272.04 14
Xe 0 0.17-2.34 28001800
25 0.16~2.14 1070-210
60 0.60-1.94 280-250
Pittsburgh FCE, Kr 0 0.10-2.05 133 122
12/30 25 0.32-2.61 56 52
&0 0.18-2.28 21
Xe 0 0.0e-2.27 29001900
25 0.17-2.34% 1130810
60 0.29-2.28 270-19C
5A Linde molecular Kr 0 0.17-1.95 19
sieves, 1/16-in. 25 0.32-2.18 10 12
pellets 60 0.51-2.07 5
Xe O 0.071.81 159
25 0.15~2.00 72 73
&0 0.43-1.91 25

“The krypton isotherms were essentially linear; but the xenon isotherms were not,
except for the Linde sieves.

12 Molecular sieve type 5A, l/l6~in. pel-

of this study appear elsewhere.
lets, was used, and it was observed that the holdup of krypton at 25°C, as
indicated by the dynamic adsorption coefficient k, with helium as the car-
rier gas, decreased with increasing degree of saturation and became less than

1 cm3/g at 12 g of H,0 per 100 g of dry adsorbent or at 17 g of CO, per 100 g

12E, E. Wright, Jr. and A. R. Mclain, "Krypton Holdup in Molecular
Sieves," KT-548 (November 8, 1960).
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of dry adsorbent. Information will be needed on the holdup of xenon and
the occlusion of the krypton and xenon present during sorption of water
and CO,.

An effect of some interest, as previously discussed, is the tempera-
ture rise of an adsorber upon sudden pressurization.? An expression for
the temperature rise due to heat of compression was derived as follows:
for one mole of gas, at PV = RT, the asscclated varying mass of charcoal
is given by m = Vp/e, where p is charcoal bulk density and ¢ is its void

fraction. Then, for adiabatic compression,

—PAV = C_ AT + ¢ £ ar
v €

where Cv is molar heat capacity of gas at constant volume and ¢ is spe-
cific heat capacity of the charcoal. Use of the ideal gas law and a re-

arrangement then give

ar | 1

@ pc P CF
—_— JU T AN
c T T RT

Integration then gives

Y -1
(Eg) 7 ) CVP2 + 5RT2
- M b4
T, CB + FRT

where 7y 1is the usual Cp/cv ratio and P is pC/e. For present purposes, the
differential form is the more convenient. Using o = 0.5 g/cm3, e = 0.75,

c = 0.165 cal/g'°C, Cv = 3 cal/deg-mole for helium and 5 for nitrogen, it
is found that dT/dP for helium varies from 0.015 to 0.012°C/psi as the
pressure varies from O to 2000 psia, and that AT/AP for N, (same units and
pressure ranges) varies from 0.015 to 0.011. The initial adsorber tempera-

tures under consideration here are in the vicinity of room temperature. In

13"GCR Quar. Prog. Rep. Sept. 30, 1960," ORNL-3015, p. 150.
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the case of nitrogen, there are important heat effects due to adsorption,
and calculations of the resulting temperature increases were made on the
basis of available information. Omitting details, temperature increases
as high as approximately 90°C were estimated (for N, on coconut charcoal

at 25°C). At very high pressures, ~1000 psia, increases in adsorption

with pressure become very small, so additional heat effects due to ad-
sorption are probably negligible once a fairly high pressure has been
exceeded. Some AT/AP measurements were made for helium and ailtrogen using
a small-scale trap filled with charcoal in which a thermocouple was located.
Various ranges for AP were employed, the highest pressures involved being
about 1800 psig. For helium, the observed temperature increases averaged
approximately 60% those calculated. For nitrogen, the analogous Tigure

was 80%, even though the basis Tor the calculatioans was more uncertain.
Since the experimental conditions deviated considerably from being adia-

batic, it was concluded that observed and calculated results were in fairly

good agreement.

Measurement of digh Temperatures

(W. T. Rainey, R. L. Bennett, W. M. McClain)

Thermocouples in Stagnant Helium

Studies have been continued of the negative emf drifts of Chromel-
P-Alumel thermocouples in stagnant helium at 1000°C. When dull oxidized
Chromel-P wires were introduced into a furnace at 1000°C a sudden evo-
lution of gas was noted. Pressure measurements lndicated that there was
an initial burst of gas during the {irst minute that was followed by slower
evolution during the next 10 to 15 min. Wires which had been carefully
cleaned with an organic solvent showed much less initial gas evolution
but showed approximately the same slower evolution. Bright-annealed
Chromel-P wires which had been solvent cleaned gave indicaticns of only
traces of gas.

When dull Chromel-P wires were neated in quartz tubes that were being

evacuated with a mechanical pump, the wires developed a metallic surface
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appearance during the first 30 min of treatment. If the quartz tube was
sealed off while bheing evacuated, the metallic appearance remalined in-
definitely, and no changes were noted which might cause emf drift. Previ-
ous experiments had indicated that the thermocouples showed no negative
emf drift while in a continuously pumped vacuunm.

When dull Chromel-P wires were sealed under vacuum into quartz tubes
before insertion into the furrace, the results were quite different. At
first the wires became metallic in appearance, but they gradually regained
the dull black surface, exceplt in the sharp thermal-gradient region. In
this region the wire retained the metallic film and in places showed
evidence of a black powdery coating.

Mass spectrographic analysis of the gas obtained after the Initial
burst from the dull Chromel-P wire indicated the presence of (C0,, (Ny + CO),
Hy, and a trace of H,0. When the gas was left in contact with the hot
Chromel-P wire for 40 hr, analysis showed the remaining gas to be pre-
dominately Hy, with a small amount of (N; + CO). DNo CO, or water was
found in the latter experiment.

Analyses of sections of Chromel-P wire after various pericds of
heating at 1000°C in stagnant helium showed a progressive loss of oxygen
and carbon from the wires in the 1000°C region. There was a corresponding
increase in oxygen and carbon content in the thermal-gradient region. The
changes 1in surface appearance of the wires during the various heating
periods followed a definite pattern. The wire immediately became shiny
at the end deepest in the Turnace. With time the nickel film appeared
further down the wire until all wire at temperatures greater than 600 to
800°C was shiny. With longer time the nickel film disappeared except in
the sharp thermal-gradient region, leaving the wire black. The remaining
nickel film was relatively heavy and became loose, exposing a black sur-
face under the film. A section of wire exposed under these conditions is
shown in Pig. 7.14. The loose nickel film and black underlayer are ap-
parent.

Metallographic examination of the wires gave results which were in
general agreement with the above observations. Wires from the time experi-

ments described above were sectioned at the thermal-gradient reglon and
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at the end deepest in the furnace. A Jongitudinal section, as~-polished,
from the end of a wire exposed at 1000°C for 2 min is shown in Fig. 7.15.
The upper, heavy, white, nickel layer and the spongy, gray, copper layer
were applied to the wires to protect the surfaces during polishing. The
thin, intermittent, white film mentioned above appears under the copper
layer. It is interesting to note that there was also a layer of oxide on
the wire under the nickel film.

An as-polished section from the thermal-gradient region of a wire
heated for 120 br is shown in Fig. 7.16. The loose nickel film is noct so
apparent in this section. Of most importance is the rather heavy inter-
granular oxidation of the chromium. With increased time at temperature,

the depth of oxidation increased. Intergranular oxidation was not visible

EUNCLASSIFIED
] Y 35278

Fig. 7.14. Surface Appearance of Chromel-P Wire Exposed to Static
Helium in Thermal-Gradient Region of Furnace.
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Fig. 7.15. Longitudinal Section of Chromel-P Wire Taken from Iso-
thermal Region of Furnace at 1000°C After Heating for 2 min.
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Fig. 7.16. Longitudinal Section of Chromel-P Wire Taken from Thermal-
Gradient Region of Furnace at 1000°C After 120 hr of Heating.

in sections other than those from the 800 to 900°C region. Oxidation in
other portions of the wire appeared to be surface oxidation.

These results indicate that the principal mechanism involved in the
negative emf drift phenomenon is the selective oxidation of chromium in
the 800 to 200°C region of the Chromel~P wire. It may also be possible
that reactions with carbon monoxide and dioxide are in part responsible for
the emf drift. Previous work has shown this to be possible. The results
also indicate that the selective intergranular oxidation of chromium occurs
only in & limited temperature range and in rather critical limits of
atmospheric oxidizing potential. The oxidation of Chromel-P at Lempera-
tures other than 800 to 900°C and in atmospheres contalining appreciable
oxygen appears to be a nonselective surface effect. The apparent lower
limits of temperature and oxygen concentration may have been influenced

by low reaction rates.
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Thermocouples Inserted in Graphite in a Helium Atmosphere

Experience has shown that Chromel-P is very susceplible to carburiza-
tion, which results in large negative emf errcors in thermocouple applica-
tions using bare wires. Since Chromel-P-Alumel thermocouples sheathed in
stainless steel have been specified for the EGCR, 1t was thought advisable
to study the emf drift of sheathed thermocouples in graphite in a helium
atmosphere. Normal drift rates should be experienced until diffusion of
carbon through the sheath occurs.

Tong term emf drift experiments have been under way for seven weeks
with periodic emf measurements and withdrawal of specimens for metallo-
graphic examination. Grounded-junction thermocouples sheatked in Types
304 and 310 stainless steel were used in the first series of tests. The
type 304 stainless steel sheath was 0.070 in. in diameter and was a special-
order item. The type 310 stainless steel sheath was 0.062 in. in diameter
and was standard material. One-half of each group of thermocouples was
given a 0.002-1in. copper plate before testing. The test was designed so
that the thermocouples were inserted 13.5 in. into an AGOT graphite block
and held at 1600°F in a stagnant helium atmosphere. Controls were pro-
tected from the test atmospheres by heavy stainless steel protection tubes,
but they were exposed to the same thermal effectis.

The experimental results obtained thus far indicate that the material
sheathed in type 304 stainless steel developed an inhomogeneity in the
Chromel-P wire in the temperature region of 1380°F within one week. All
the type 304 stainless steel-sheathed thermocouples have drifted ~0.75 mv
(-19°C) during the seven weeks of testing. The thermocouples sheathed
with type 310 stainless steel and tThe countrols of hoth types have shown
either slight positive or negligible emf drifts. These results are sig-
nificant, but further work will be necessary before the cause of the emf
drifts is known. It seems probable that the atmosphere is responsible for
the drift, since controls exposed to the same thermal effects but open to
air showed only slight positive drifts. Metallographic studies of samples
are under way. These drift experiments will be continued with material

from other sources as well as the currently available material.
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8. DEVELOPMENT OF TEST LOOPS AND COMPONENTS

EGCR In-Pile Loops

(F. H. Neill)

The AEC has notified ORNL that completion of loop installation is to
be deferred until at least July 1, 1965. Minimum provisions are to be
made now in the EGCR construction for necessary permanent portions of the
eight loop assemblies to permit fubture installation of up to four selected
loops.

Present plans are to proceed with Title IT design of the upper and
lower nozzle tee sections, the upper and lower horirzontal chase piping, and
the necessary chase cooling duct work. All other loop design work will be
carried through Title I design only. A preliminary hazards report will be
prepared.

A summary of the work in progress at the time the program was deferred
is presented here. Title T drawings of the top and bottom nozzle tee sec-
tions had been completed for loop TL-4. These drawings had been circulated
for comments. Materials specifications for all bottom nozzle tee gections
had been completed. Criteria for fabrication of the tee sections had been
written. Detail drawings of the bottom nozzle tee section are being made.

Final design criteria for the sniffer gas system and for the helium
supply system had been established. Preliminary criteria for the loop cool-
ing water system had been prepared. A design history had been compiled for
the mainstream gas cooler. This information was to be included with the
cocler specifications to be submitted to various heat exchanger marufacturers.
Criteria had been prepared for the cell washdown system for Title I approval.
This decontamination system employs a high-pressure, hot-water jet to re-
motely clean the experimental cell. One such unit would have served all the
experimental cells.

The Title I design of the filter vessel, the prefilter, the postfilter,
the filter shield, and the support structure had been completed. A test

program for the absclute filter element is being prepared., The final design

313



criteria for part of the purification system had been prepared. Title I
design of the heat exchanger and charcoal bed 1s proceeding.

The flow sheet for the gas transfer and storage system and the puri-
fication system had been prepared. The safety surge system had been elimi-
nated from the loop. The function of the safety surge system, which was
to maintain full mass flow following loss of one Bristol Siddeley compressor,
was to be fulfilled by placing a 4-in. bypass line, including a check valve,
around each compressor. Criteria for the EGCR experimental loops malinstream
piping (out-of-cell) and for the in-cell mainstream piping, including the
design conditiorns and the materials of construction, had been prepared.

Title I design of the lower chase mainstream (inlet) piping had been
approved. Title I design of the in-cell mainstream piping had been com-
pleted, and a Title 1 design analysis had been written. The calculated
stresses are below code allowances. The Title IT design of the lower chase
(inlet) and in-cell mainstream piping is to be completed. Title I design
of the in-cell mainstream piping had been completed; however, the design
analysis had not heen prepared.

Data preparations have begun for an analog study of the loss of all
electric power to the loop equipment. The shutdown heat removal following
loop depressurization from a helium-cooled, attemperated experiment has
been analyzed. The conclusion is that melting of the steel cladding is
probable,

A study of the capabilities of the EGCR service machine has indlicated
that the latesgt designs for the loops and for the service machine do not
pernit cooling of the experimental assembly during removal. Various methods
for eliminating this problem are bheing considered.

The design work carried out during the period covered by this report

is described in the following sections.

Through-Tube Design (R. E. Helms, L. W. Noggle)

There are eight through-tube assemblies for in-pile experiments in
the EGCR. Four are 5 l/2 in. in outside diameter and are designated TS-1,
-2, -3, and -4. The other four are 9 1/2 in. in outside diameter and are

designated TL-1, ~2, -3, and -4. The four loops with 5 l/2—in. through-tubes
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and two of the loops with 9 1/2-in. through-tubes (TL-1 and -3) are de-
signed for operation with helium and CO;. Loop TL-4 is designed for op-
eration with hydrogen, and loop TL-2 is for operation with steam. The
through-tube assembly consgists of the tube and the top and bottom nozzle
tee sectionsg, as shown in Fig. 8.1. Design layouts have been completed
for the through-tube assemblies for loops TS-l, -2, -3, and -4 and for
loops Ti-1, -2, and -3. Preliminary design layouts for loop TL-4 have
been made. Title I drawings have been approved for the through-tube as-
semblies for loops TS-1, -2, -3, and ~4 and for TL-1 and -3. Detail draw-
ings are being made for the through-tube assemblies for loops TS-1, -2,
-3, and -4 and for TL-l, -2, and -3.

Experimental data for the thermal conductivity of reflective insula-
tion were used for heat transfer calculations for sections of the through-
tube assembly in order to determine temperature drops across the tube wall
and the heat loss and temperatures of the nozzle coolant at several points
along the tube axis. These calculations were made for l/4— and l/2—in.—
thick reflective insulation inside the tube. The gross thermal conductivity
of this insulation in helium at a pressure of 1000 psia is plotted versus
temperature in Fig. 8.2. The effectiveness of the insulation at various
positions is indicated in Figs. 8.3 through 8.8 for a 5 1/2—in. through-
tube. Data for the bottom nozzle section with 1/4 in. of insulation inside
the tube are plotted in Fig. 8.3. Similar data for 1/2 in. of insulation
inside the tube are plotted in Fig. 8.4. Data for the plenum region of
the reactor with 1/4 in. of insulation inside the tube are plotted in Fig.
8.5 as a function of the reactor plenum gas film coefficient. Similar data
for l/2 in. of insulation inside the tube are plotted in Fig. 2.6. Data
for the top nozzle gection with 1/4 in. of insulation inside the tube are
plotted in Fig. 8.7, and similar data for l/2 in. of ilnsulation inside the
tube are plotted in Fig. 8.8.

A transient heal transfer analysis of the bottom tee section of a 5
l/2~in. through-tube is under way for which the TIGER I code is being used.
Analyses of the radial and axial temperature profiles of a 5 l/2—in. through-
tube containing a fuel assembly have been completed for both attemperated

and unattemperated assemblies.
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Fig. 8.2. Thermal Conductivity of
Reflective Insulation in Helium at &

Pressure of 1000 psia. tion system were prepared. The

sign criteria for the gas distribu-

system basically consists of two high-pressure headers (one for helium and
one for carbon dioxide) extending throughout the length of the utility tun-
nel and four pressure-reducing stations per cell. Fach reducing station

is designed to handle either helium or carbon dioxide. The reducing sta-
tions provide gas for the buffer gas system, gas storage tank filling,
safety surge tank filling, loop filling, through-tube pressurizing, and

gas sampling-station purging.

Preliminary design criteria were established for the hellum supply
system, the CO, supply system, the through-tube pressurizer and loop fill
system, the loop off-gas system, the loop gas purification system, and the
decontamination system. The helium supply system basically consists of a
bottle trailer, a cooler, and two silica-gel beds. U. S. Bureau of Mines

grade A helium rated at 99.995% by volume is specified. The CO, supply
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system is designed to receive liquid CO,; cool, compress, and dry it in
an adsorption column; vaporize it at constant pressure; and store it at
an elevated temperature to prevent throttling to partial ligquid or solid
states. The through-tube pressurizer and loop fill system is designed
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to maintain pressure in the through-tube and thus permit reactor opera-
tion when an experimental loop is shut down, fill an experimental loop,
and pressurize in-cell loop piping during leak hunting.

The loop off-gas system is designed to permit safe discharge of con-
taminated gas from the loop to the plant stack. The system congists of
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a moisture separator for condensing water vapor generated during decon-

tamination operations, a vacuum pump, a charcoal bed, and an absolute

type of filter.

two parts, physical cleanup and chemical cleanup.

of a gas cooler and a charcoal bed.

The loop purification system has been separated into

The gystem consists

The cooler controls the temperature
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of the gas entering the charcoal bed. The charcoal bed contains about
1/4 1b of silver wire followed by about 20 1b of BPL charcoal and a high-
temperature, absolute type of after-filter. Title I design of the equip-
ment is under way.

The decontamination system consists of reagent mixing tanks, feed
punmps, and assoclated piping. Present experimental evidence indicates
that the decontaminating reagent will be 4% sodium oxalate, 3% hydrogen
peroxide solution, with the pH adjusted to 4 to 5 by additions of oxalic
acid.

Loop Cooling Water System. (A. W. Culp) The cooling water system

designs have been completely revamped to accommodate an evaporative cooler.
Demineralized water is now specified for cooling in-cell components, pro-
viding makeup to the steam system and for emergency cooling. The river
water is used directly in the steam condensers as process water. Two
large pumps, formerly used on the demineralized water system, are employed
as booster pumps on the river-water system. The condensing units are
tentatively located on the sixth floor.

Cell Ventilation System. (A. W. Culp) The cell ventilation system

wlll not be used when the loop gas contains a large amount of fission pro-
ducts. A small bypass line containing a remotely operated valve will be
used arcund the main outlet valve to provide pressure relief for the system
as long as the radiation level of the vent gas is low. Should the radia-
tion level in the cell increase rapidly because of a rupture in the loop
piping, the cell will be sealed.

The cell cooling system design provides for two 50-kw coolers to re-
move the energy dissipated in the cell. These units transfer the heat
directly to river water. These "coolers" also contain heating elements.
For CO, operation, the cell temperature is maintained at or above 90°F
by throttling coolant flow and using the heater. This prevents condensa-
tion of CO; in the in-cell piping. No regulation of the cell temperature

is anticipated for the helium loops.

Hazards Evaluations (R. G. Mallon)

The loop conditions capable of causing a reactor scram and the re-

quired safety actions were outlined. The conditions are excessive gas
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temperature at experiment outlet, insufficient loop gas pressure, and in-
sufficient volume flow of loop gas. Cooling of the EGCR in-pile loops by
convection was re-evaluated using data obtalned recently on pressure drop
through the inoperative main loop compressors. The analysis shows that
convection is adequate for decay heat removal if the loop pressure is near
the normal operating pressure. A preliminary statement of requirements
for auxiliary blowers for the EGCR loops thabt could be activated in the

case of a loss-of-pressure accident has been prepared.

Stress Analyses (W. S. Chmielewski)

Stress criteria for the loops were developed with the "Navy Code"
(Tentative Structural Design Basis for Reactor Pressure Vessels and Di-
rectly Associated Components) as a basis. In this design philosophy, the
combined stresses may exceed the proportional 1limit of the material, but
justification entails calculation of the Tatigue life from the straln
cycling that occurs. Allowable stress intensities for type 347 stainless
steel, INOR-8, Inconel, and SA-212, grade B, steel have been determined.
Five hundred cycles of "cold" startup and emergency operation are speci-
fied for the EGCR loops; this allows, on an average, two complete shub-

downs of the loops per month for 20 years.

Revised Pressure Drop Estimate for Small Loops (C. Michelson)

The presgure drop estimate for the 5 l/2~in. loops has been revised
to take into account the present loop piping layout and conceptual com-
ponent designs that should closely approximate the final loop design.

Each small loop was assumed Lo consist of an in-pile test section, pipe
and fittings, six isolating valves, one loop cooler, one main-line filter,
and one electric heater. Total pressure drops were computed for helium
and carbon dioxide cooling at 500 and 1000 psia pressure. The in-pile
test section was assumed to be generating 1500 kw of combined fission and
gamma heat, with a gas inlet temperature of 600°F and an outlelt tempera-~
ture of 1050°F. The case of reduced power operation (335 kw) for a gss

inlet tewmperature of 950°F was also calculated based on a constant mass
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flow rate. In all cases it was assumed that the exit gas from the in-pile
test section was attemperated to 1050°7F.

The calculated system pressure drops and the values reported previ-
ously are given in Table 8.1. The considerable increase in pipe pressure
drop is due to the addition of insulaticn to the inside of the through-
tube (not considered in the first estimate), the use of 4-in. pipe for
certain sections of the through-tube entrance and exit piping, and a large
increase in the equivalent length of pipe and fittings (from 650 ft to
approximately 1000 Tt) resulting from the many additional expansion loops.
The isolation-valve pressure drop was reduced a factor of 10 by assuming
full-clearance gate valves. The heater pressure drop reduction resulted
from simplifying the heater to a section of resistance-heated pipe. The
cooler pressure drop increase resulted from changing a single water-jacketed
pipe to a multitube stralght-through evaporator. The diverter valve was
eliminated. The filter design remained egsentially unchanged. These sub-
stantial changes in piping and components increased the total pressure
drop for the loop by up to 4% for CO, cooling and 16% for helium cooling.

A comparigon of the revised pressure drop calculations with the origi-
nal compressor specifications is given in Table 8.2. The two points of
concern are the pressure drops for operation with helium at 500 psia at
600 and 950°F, which increased 6 and 28%, respectively. These operating
points had already been amended in the compressor specification to permilt
conbinued operation with two compressors running by increasing the system
pressure (due to a maximum speed limitation), and the situation is now

further aggravated by the revised pressure drop estimate.

GCR~ORR Loop No. 2

(J. zasler, P. C. Bertelson, C. J. Claffey,
W. R. Huntley, T. S. Kress, J. LaGraff)

Construction of the 4-ft-thick barytes concrete cell walls and roof
was initiated in October. The roof and walls have been completed and the
concrete forms removed. Work has now begun on installation of the l/8~in.

stainless steel cell liner. Also some 150 tons of lead shielding have been
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Table 8.1. Comparison of Previous and Revised Pressure Drop Calculations for
Operation of EGCR Small Loops with Loop Heater Off

Pressure Drop (psi)

For Operation at For Operation at For Operation at For Operation at
Component 1000 psia and 600°F 1000 psia and 950°F 500 psia and 600°F 500 psia and 950°F

Previous_ Revised  Previous_ Revised  Previous_ Rcvised  Previous_ Revised
. : . . . . & o . a .
Estimate” Istimate ZTstimele Estimate Estimate™ Tstimate Estimate  Estimete

Operation with CO, Cooling

In-pile section 53.6 53.0 8.9 8.9 26.2 26.2 AN s
Piping and equipment
Pipe 3.25 6.103 & 17 7,75 6.40 12.114 8.30 15,474
Diverter valve 1.97 1.97 3.93 3.93
Cooler 0.80 1.350 8.79 1.730 1.35 2. 700 1.40 3.460
Isolation vaives 1.17 0.116 1.54 0.166 2.33 0.233 3.10 0.332
Filter 0.15 0.1352 0.21 0.217 0.340 0.304 0.410 0.430
Heater 0.85 0.200 1.12 0.2756 1.65 0.397 2.206 0.553
Total piping and eguipment 8.2 7.9 9.8 10.1 16.0 15.8 19.4 20.3
Total system 51.8 60.9 18.7 19.0 2.2 42.5 23.8 24,7
Operation with Helium Cooling
In~pile section 21.2 21.2 3.5 3.5 10.6 10.6 1.7 1.8
Piping and equipment
Pipe 1.80 3.716 2.25 4,681 3.60 7.399 4. 49 9,254
Diverter valve 1.06 1.06 2.1 2.13
Cooler C.42 9.955 0.43 1,190 0.72 1.910 0.83 2.380
Isolation velves 0.63 0.064 0.83 C.0o 1.24 0.127 .65 0.18x
Fiiter 0.1 0.141 0.17 0.2C6 0.24 0.282 0.34 0.408
Heater 0.46 0.124% 0.61 0.168 0.92 0.246 1.22 0.332
Total plping and equipment 4.5 5.0 5.4 6.3 8.9 10.0 10.7 12.6
Total system 25.7 26.2 8.9 9.8 19.5 20.6 12.4 14.4

"See GCR Quar. Prog. Rep. June 30, 1960, CRNL-2964, pp. 230-%4.



Table 8.2. Comparison of Compressor Specifications® and

Revised Pressure Drop Estimates for Operation of EGCR
Small Loops with Loop Heater On

Loop Operating Conditions Total System Pressure

Drop (psi)
Pressure Temperature . o Revised
ecif
Coolant (psisa) (°F) Specified Fotimate
CO, 1000 600 59.1 60,7
250 20.1 18.8
500 600 37.5 41.6
950 19.0 242
Helium 1000 600 25.5 26.1
950 9.4 9.7
500 600 19.2 20.3
950 11.0 14.1

%ps of February 1, 1960,

installed adjacent to the south facility plug and under the floor of the
cryostat room.

The remotely operated crane and single-arm manipulator have been de-
livered and have Dbeen installed in a test facilitly, where operations re-
quiring their use are being studied. The fabricated parts of a tool for
remote manipulation of flanged Jjoints have been received and are being
assembled.

Design and detailing have been completed on the component shields
(lead filled) and the movable rack on which the loop components are mounted.
Procurement of these items is now in progress.

The following primary loop components have been fabricated and re-
ceived: heater, evaporator, condenser, and side stream cooler. The acti-
vated charcoal for the fission-product traps was received, sampled, and
analyzed. The fission-gas holdup characteristics of the charcoal were found
to be approximately those used for designing the traps.

In order to maintain double containment, the side-gstream carbon-trap
cooling system was revised. The "brine,"” trichloromonoflucoroethylene,
will be clrculated through 72 £t of l/2—in. copper tubing coiled around

the trap in a vented annulus containing ethylene glycol waber solution.

325



A design of a test section for handling horizontal fuel elements has
been established. This constitubtes a change in concept from previous de-
signs to permit removal of test fuel elements between tests without re-
moving the pressure piping from the facility plug. Provision has also
been made to prevent neutron activation of stainless steel components oul-
side the plug.

An analysis was made to determine whether the main loop piping would
be left in the in-pile section with the fuel element removed, without flow
of loop gas, and with the reactor at power. It was determined that this
could be done if the pipe were withdrawn about 1 £t out of the high gamma
flux region and if an annulus were provided around the pipe through which
cooling water could pass. A "cooling-finger" in the interior of the piping
arrangement would also be desirable.

Investigations are being made to determine the temperature distribu-
tions in the concrete shield plug in the in-pile section. Some analyses
have been completed, and electrical analogues will be made to study the
more cowmplex geometries.

An analytical estimate was made of the amount of flow to expect through
glip joints which might be used in the loop. The flow was correlated with
the joint clearance and length as a Tfunction of the pressure differential
across the joint.

Where internal insulation is desired in the lcop piping or components,
it has been decided to use a reflective type exclusively. The available
experimental data on reflective insulation is bheling studied to determine
how it may be applied to loop 2 configurations.

Some of the heat-transfer components have been subjected to perform-
ance tests. The evaporator, condenser, and heater were tested in a loop
in Bldg. 9201-3. The evaporator and condenser performed gquite satisfacto-
rily, but the heater suffered electrical failures that stopped the tests.
Investigations are now under way to determine remedies for the heater fail-
ure. 1t is believed that increasing the gas velocity through the heater
will help considerably in preventing failures. Preliminary tests of the

regenerator were conducted at the manufacturer's plant.
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Criteria were prepared for a sampling station for the EGCR loops and
ORR loop 2. The gas pressure will be reduced and the Tlow will be re-
stricted so that the sampling can be done manually in a dry-box type of
containment vessel located outside the locop cell. The nuwber of sampling
points is being studied. Conmsideration is being given to using the sam-
pling system at only two points: the main loop after the compressors and
the bypass cleanup system after the carbon trap. The differences between
specific isotope concentrations in the gas before and after the main loop
components may be too small to measure in samples taken from such locations.
The sample lines will be permitted to cool to ambient temperature before
reaching the first block valve. This will permit the use of low-tempera-
ture valves containing plastics and elastomers.

The potential hazard of a water-line rupture inside the cell has been
studied. It now appears that a large cell drain adequabte in size to handle
the largest possible water leak within the cell is the begt sclution. A
water seal will be provided in this draln to malntain the secondary con-
tainment. The problem of where to direct this drailn is now under investi-

gation.

Component Tests

Heater and Microswitch Electrical Breakdown Tests (A. S. Olson)

EGCR Loop Heaters. Electric breakdown testing was begun on a section

of Chromalox tubular heater in a helium atmosphere using the test apparatus
previously described.! The test stand and pressure vessel are shown in
Fig. 8.9. TFor these tests, a 2-in.-long specimen was cut from the terminal
end of the heater. On the cut end, the MgO insulation was removed and the
heater wire was cut well back inside the sheath. This open space was re-
packed with MgO, and a cap was welded over the end. At the open end of

the specimen, the spacing between the terminal pin and sheath varied from
0.100 to 0.113 in. The terminal pin was 0.142 in. in diameter and the oub-

slde sheath was 0.440 in. in diameter, with a wall thickness of 0,040 in.

1"GCR Quar. Prog. Rep. Sept. 30, 1960," ORNL-3015, pp. 170-L.
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Fig. 8.9. Test Stand and Pressure Vessel for Electrical Breakdown
Testing of a Chromolox Tubular Heater and Microswitch.

328



The resistance of the heater section before electrical testing and after
baking at 300°F for several days was 60 megohms. The specimen was placed
inside the pressure vessel, with electrical leads, one each from the heater
sheath and heater terminal pin, extending through two Conax seals. Sixby-
cycle alternating-current voltage was applied to the section in a range
from 0 to 1000 v. The range of helium test pressures was 0 to 1000 psig.
Tests were made at four temperatures: room temperature (~75°F), 300, 600,
and 900°F.

At the specified operating conditions of the terminal end of the
Chromalox heaters (900°F and 1000 psig), no electrical breakdown was ex-
perienced at potentials up to 1000 v. This potential did result in break-
down when the pressure was lowered to 70 peig while maintaining the same
temperature level. At 1 psig, a potential of 325 v caused electrical arc-
ing. At the operating potential of the hesters (480 v) with the terminal
held at 900°F, a pressure of 20 psig was sufficient to suppress voltage
breakdown. The breakdown voltages are plotted versus pressure at various
test temperatures in Fig. 8.10.

The heater section was also tested for electrical breakdown in air
at room temperature and with pressures ranging from 0 to 100 psig. Wo
electrical breakdown was indicated. Instrument air with a dew point of
+30°F, i.e., approximately 5500 ppm of water vapor, was used.

An enlarged view of the open end of the heater section after testing
is shown in Fig. 8.11. UNo damage is visible.

ORR Loop No. 2 Heaters. Testing of the voltage-breakdown character-

istics of a modified tubular heater for use in ORR loop No. 2 has been
completed. A 2-in.-long section of tubular heater was filled at the termi-
nal end with insulation material (Sauereisen No. 29). After alr drying
and baking at 250°F for several days, the heater section was placed in the
voltage-breakdown-test pressure vessel shown in Fig. 8.9.

Initial testing was done in a nitrogen atmosphere with the heater
section at 500°F. WNo electrical breakdown occurred at any pressure with
potentials in the range of 0 to 1000 v ac between the heater sheath and
terminal pin. Subsequently, the voltage was increased until electrical

breakdown occurred at 1380 v ac.
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Fig. 8.10. FElectrical Breakdown Voltages Versus Test Pressure at
Various Temperatures.

With the temperature of the heater section at 900°F, electrical break-
down occurred at approximately 700 v ac and, subsequently, at 280 v ac in
the nitrogen atmosphere, regardless of the test pressure. After lowering
the test temperature to 500°F, electrical breakdown occurred at voltages
ranging from 600 to 990 v ac and was independent of pressure.

After removal of the heater section from the pressure vessel, it was
observed that some of the Sauereisen insulation had a dark gray color in-
stead of the normal white appearance, as shown in Fig. 8,12. The minimum
spacing between the terminal pin and sheath of the Chromalcx heater section
used for this test was 0.100 in., which is greater than the spacing between

the heater leads of the heaters proposed for use. Because of the erratic
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Fig. 8.11. Bnlarged Photograph of Open Bnd of Chromelox Heater Sec-
tion After Testing. No damage is visible.

results obtained with the Sauereisen insulation, it is not recommended for
use at elevated temperatures as a high-voltage insulation.

EGCR Microswitch. Preliminary tests have been made of a type V3-1301

switch, menufactured by the Micro-Switch Company. This switch is being
proposed for use in the EGCR charge and service machines, under the fol-
lowing service conditions: +temperature, 70 to 510°F; pressure, atmos-

pheric to 300 psig; atmogphere, helium; electriecal loading, 115 ac, type
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SG suxiliary relay (Westinghouse),

UNCLASSIFIED
PHOTO 36245

with an impedance of 1320 ohms and
an operating current of ~O.1 amp.
An initial test on one micro-
switch in air at atmospheric pres-
sure and temperature indicated no
electrical breakdown at 1000 v ac
between open contacts. The resist-
ance between open contacts under
the same conditions, as measured
with a megohm meter, indicated
greater than 1000 megohms.
Subsequent tests on the same
switch in helium at pressures from
1 to 300 psig and at temperatures
from ambient to 515°F indicated no
electrical breakdown at 120 v ac.
These tests were made beltween the

Fig. 8.12. Enlarged Photograph "normally open" and "common" con-
of Heater Section Showing Damage Lo

. . . . tacts of the switch.
Sauvereisen Insulation During Testing.

Tests in progress in a helium
atmosphere are yielding values of electrical breakdown voltages, for the
purpose of making comparisons with data reported by Tracerlab, Inc.,? on
the same type of switch. The voltage range for testing is being extended
to breakdown values or 500 v ac, whichever is greater. The breakdown
voltage is defined here as that potential which causes a sudden increase
in leakage current across the open contacts of the switch. The breakdown
voltages between the "normally open' and "common"” contacts of the switch,
as obtained in these tests, are listed in Table &.3. Similar tests will
be made between the "normally closed” and "common" contacts of the switch.

Proposed tests include operating the switch 3500 times under the service

“Harlan C. Shaw, "The Effects of Intense Gamma Irradiation on Elec-
trical Breakdown in Helium," Report No. TLW-1060, Tracerlab, Inc., Reactor
Monitoring Center, Richmond, California.
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Table 8.3. Voltage Breakdown in Helium of V3-1201
Microswiteh in Tests with Potential Applied
Across Normally Open and Comnon Contacts

Helium Test Breakdown
Pressure Temperature Potential
(psig) (°F) (v, ac)
1 70 302
300 70 >500%
300 530 >500%

1 530 230
10 530 270
20 530 310

aHighest potential applied; no breakdown evident.

conditions described, with periodie checks for excessive leakage current

between open contacts.

EGCR Valve Tests (A. S. Olson)

One of the three types of valves to be tested for use in the EGCR

loops has been received. It is a ball valve with a Limilorgue operator

designed as shown in Fig. 8.13. It was manufactured by
Corporation.

Wo difficulty was encountered in welding stainless
the inlet and outlet ports of the stainless steel valve
and radiographic examinations indicated excellent welds.

closed by means of the hand wheel, and preliminary leak

the General Kinetics

steel pipe caps to
casting. Dye check
The valve was

checks with helium

at room temperature were satisfactory, as indicated below:

Pressure Drop

Across Valve Seat Helijum Leakage
(psig) [en? (8TP) /hr]

50 2.1

100 5.6

200 14.1

300 21.9

400 33.9
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The bellows seal was checked with a helium leak detector, and no leaksge
was indicated.

After installation of the valve in the test furnace, as shown in Fig.
8.14, the valve was closed by means of the Limitorgue drive. A leak check
of the valve seat with a pressure differential of 300 psig of helium in-
dicated 72 em® (STP)/hr.

With the valve in the open position, 1t was heated to approximately
1000°F in 3 hr. Upon closing the valve, it was not possible to maintain
a pressure difference across the valve seat. The bellows seal was re-
checked, and there was no indication of leakge; after cooling the unit,
however, gross leakage wag still evident across the valve seat. During
these tests, the volume between the valve stem packing and bellows seal
was at the same pressure as that in the valve,

Communicaticn with the valve manufacturer revealed that the wvalve
had been designed to operate with 1000-psig internal pressure and no bel-
lows backup pressure. Since the bellows effective area ig 8 in.g, the
stem drive unit was arranged to deliver 8300 1b of thrust, 8000 1b of
which was necessary to overcome the thrust from the internal pressure,
With bellows backup pressure applied, the seating thrust was greatly in-
creased and the valve would not seat properly.

The valve was returned to the manufacturer for examination snd re-
pair. When opened, evidence of damage from the high stem loading was
found and, in addition, some warpage of the seat ring was noted. This
warpage has been attributed to the uneven temperature distribution in the
massive valve body as a result of heat losses through the bonnet section.
The valve is currently being repaired and will be returned for further

testing.

GCR-ORR Loop No. 2 Components (F. A. Flint)

Assembly of the out-of-pile loop for testing ORR loop No. 2 components
wag completed, and, following pressure tests and shakedown, performance
tests were begun. With the complete loop on stream, primary attention
wagz given first to the performance of the heater unit, composed of three

individual heater groups, when operating at various gas flow rates aad
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Fig. 8.14. General Kinetics Corporation Ball Valve with Limitorgue
Operator Installed in Test Furnace.
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power settings. Heater group 1 partially failed at a gas flow rate of
165 lb/hr and a power setting of 33 kw, approximately 59% of the nominal
heater group rating. The failure was manifested by an upscale reading

of the voltmeter and a downscale reading of the ammeter, indicatling an
increase in resistance in one or more of the twelve heater cartridges in
group 1. At the time of the fallure, the maximum indicated cartridge
cladding temperature was 1500°F. In testing heater group 2 at a gas flow
rate cof 265 lb/hr, it was impossible to apply more than 23 kw of power
without causing the heater-cartridge-cladding high-temperature alarm to
sound (alarm sounds at approximately 1640°F). This indicated either poor
gas flow distribution or that the thermocouples on heater group 1 were
sensing relatively cool spots. 1In order to improve the heater performance
and reliability, the loop pressure was increased from 300 to 400 psig,
thereby extending the range of attainable mass flow rates. However, the
heaters failed shortly thereafter while operating at a flow rate of 720
lb/hr and a total power ocutput of 112 kw. The first symptoms of failure
were downscale readings on both ammeter and voltmeter on heater group 1
(groups 2 and 3 had been normal when last checked). Moments later, lcop
pressure was lost through the power terminal end of the heater.

Subsequent dismantling of the heater revealed major damage. All the
terminals to the 36 heater cartridges had been melted away. Five of the
cartridges had large holes melted through their skins, one of them being
practically melted in two. The remaining 31 cartridges were undsmsged of
themselves and would have been operable had the terminals not melted away.

It is hypothesized that the melt holes in the five cartridges were
caused by hot spots (hottest recorded temperature was 1620°F) not sensed
by the thermocouples and that helium leaked through the melt holes, along
the MgO insulation, and into the terminal compartment where it lonized and
caused arcing across the terminals. The heater is currently belng re-

designed, and testing will be resumed when a replacement unit is available.

Mechanical Joint Service Testing (J. C. Amos)

Mechanical joint testing during this report period has been devoted

to evaluating 5-in.-IPS, double-seal, gas-buffered Conoseal joints and
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6-in. -IPS, double-seal, gas-buffered Grayloc joints. Sixteen closures
ere made with three 5-in.-IPS Conoseal joints. While eleven of these
closures resulted in inner seal helium leakage of less than 1 X 1077 cm’
(STP)/Sec wnen tested at room temperature with 15-psia internal helium
pressure, only five closures met the specified maxinmum allowable inne
seal leakage of less than 1 x 1076 cm? (STP)/sec with 300-psig internal
helium pressure. One unit was subjected to 50 bending-moment cycles from
0 to 72 000 in.-1b with an internal gas temperature of 700°F and a pres-
sure of 300 psig, with no adverse effect on the seal. However, both inner
and outer secal leakage increased substantially after two thermal cycles
between room temperature and 700°F. Since previous tests of 2 1/2~in.—
IPS, double-seal Conoseal Joints of similar design indicated that these
units would remain leaktight under repeated bending-moment and thermal
cycling at operating temperatures up to 1300°F, it was felt that the per~
formance of the 5-in.-IPS units could be improved. One unit was returned
to the vendor for modification. The vendor remachined the clamp and in-
creased the width of the gaskets. The inner and outer seal leakage rates

were then less than 1 x 10710 cmd?

(STP)/sec at room temperature and atmos-
pheric pressure. Wider gaskets are being furnished for the 5-in.-~-IPS test
unit currently installed in the bending-moment test stand to allow further
evaluation of this unit at elevated tewmperatures.

Bight closures were made with two 6-in.-TPS, double-seal, gas-buffered
Grayloc joints, and the specified maximum inner seal leakage of less than
1 x 10°% cm? (STP)/sec was exceeded in all but one instance. One of these
units has been returned te the vendor for modification. The vendor is
currently experimenting with silver-plated seal rings that have a slightly

different angle between the sealing surface of the ring and the flange.

Special Compressors

Regenerative Compressors (I. K. Namba)

The two regenerative compressors that were installed in the btwin-
turbine vessel of GCR-ORR loop No. 1 have continued to operate satisfac-

torily for approximately 1000 hr. During this period the compressors have
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operated és single units and as two units in series over a range of speeds,
6000 to 12 000 rpm, and temperatures, up to 600°F, with the suction pres-
sure limited to 45 psig.

The defective compressor housings mentioned previously have been re-
paired by chemically plating the coolant channels, and the assembled com-
pressor units have been prooftested and are available for service. The
compressor housing being repailred by the mechanical-chemical technique will

require further repairs before prooftesting.

Compressors with Gas-Lubricated Bearings (D. L. Gray)

The Bristol Siddeley compressor was operated at 400 psia at the manu-
facturer's plant with the original 2.25-in.-diam, 6-in.-long bearing. Rub-
bing was detected at approximately 11 800 rpm. The pressure was bthen re-
duced to 200 psia and the rubbing reoccurred upon increasing the speed to
11 500 rpm. The mode of whirl was suspected to be conileal, so each bearing
was mounted in two dlaphragms to provide added stiffness; subsequent test-
ing indicated no improvement in the whirl.speed threshold. Next, an un-
successful attempt was made to improve performance by reducing the bearing
length to 4 1/2 in. from 6 in. The following program for eliminating the
bearing whirl difficulties was then undertaken:

1. The existing monel bearings were shortened to 3 in. from the pre-
vious 4 1/2 in. length.

2. A standard-length bearing was modified to incorporate the 150-deg
antiwhirl grooves used successfully in another compressor.

3. A stellite-surfaced shaft and chrome-plated bearings were provided
to eliminate differential thermal expansion.

4. The bearing thickness was reduced to reduce the transverse moment
of inertia.

Subsequent tests with the 150-deg antiwhirl bearing also indicated
rubbing at 11 800 rpm.

The application of hydrodynamic bearing theory to these problems has
been studied further at ORNL. Curves showing the effect on threshold speed
of the conical mode of bearing whirl were prepared for various ambient pres-

sures and ratios of Jjournal radius to bearing radial clearance. Curves of
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the threshold speed for shaft cylindrical whirl for the compressor as a
function of bearing clearance and for ambient pressures of 100, 250, and
400 psia were prepared. Analysis revealed that the threshold speed for
whirl is lowest for cylindrical whirl of the shaft, next highest for coni-
cal whirl of the shaft, and highest for conical whirl of the bearing. Bear-
ing cylindrical whirl should not occur because of radial stiffness of the

bearing mount.

High-Temperature Gas Bearing Compressor Test System (D. L. Gray)

The GABE I compressor was accepted from the vendor on the basis of i1n-
spection results. After assembly it was determined experimentally that a
5-psig differential pressure would 1ift the rotary assembly off the thrust
plate.

The test loop was pneumostatically tested at 715 psig and certified for
operation at 1000°F and 410 psig. The installation of thermocouples and gas

feed lines was completed. Controls and control cabinets are being installed.

Study of Back Dififusion Through Labyrinth Seals

(E. R. Taylor)

The study of back diffusion of water vapor against the flow of helium
through labyrinth-type seals has been completed. This study was initiated,
in collaboration with the Mechanical Development Department at the Oak Ridge
Gaseous Diffusion Project, to determine the degree to which this phenomenon
might be present in water-buffered seals used in rotating machinery for gas-
cooled reactor application. The final test was conducted with a cold radial
clearance of the labyrinth of 0.0028 in. The results of this test are pre-
sented in Table 8.4.

Table 8.%4. Resulls of Tests of a Water-Buffered Tabyrinth-Type Seal
with Helium as the Cell Gas

Pressure Drop

Shaft Buffer Water Cell Gas Cell Gas Labyrinth Duration

Test Speed Pressure Pressure Teuperature A????S Flow of Test
No. - . . o Tabyrinth N
(rpm) (psi) (psi) (°F) (psi) (scth) (hr)
1 3600 250 253 500 1.0 1387 11/2
2 3600 250 253 500 0.5 931 3/4
3 0 250 253 500 0.5 931 1/2
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The elevated-temperature radial clesrance of the labyrinth was ap-
proximately 2 mils. The exact clearance could not be measured directly
and was therefore calculated from the conditions of flow and the flow
parameters. The numerous tests performed failed to show any evidence of

water-vapor back diffusion into the gas chamber.
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