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GAS-COOLED REACTOR PROJECT QUARTERLY PROGRESS REPORT

SUMMARY

Part 1. Design Investigations

1. Reactor Physics

In EGCR design studies, the energy deposition in the core graphite

has been calculated for the initial reactor loading with the experimental

tubes empty. Heating from both gamma-ray absorption and neutron modera

tion were included. Calculations of the shutdown worth of the EGCR con

trol rod bank were made both for empty experimental tubes and for a

typical experimental assembly in each tube. An investigation was also

made of the neutron-flux and power-density perturbations produced by a

half-empty fuel channel in the EGCR. The maximum value of the ratio of

power density in the perturbed condition to that in the unperturbed

condition at a given position is 1.7, and, since part of the perturbation

exists eve-n when the fuel assembly is fully inserted, the perturbation

attributable to partially removing the rod is only about 1.6.

In advanced design studies, the effect of Pa233 absorption on the

conversion ratio in a BeO-moderated reactor was calculated. The one-

region reactor considered uses Th232 as fertile material and U233 as

fuel. Conversion ratios obtainable in a Be0-Th02 blanket were compared

with those obtainable in a blanket composed of graphite and Th02. The

core diameter, the blanket thickness, and the thorium concentration in

the blanket were varied in the calculations. Beryllium oxide was

found to give better conversion ratios than graphite for thin blankets

by minimizing the leakage; BeO also gives better conversion ratios for

thick blankets as long as the thorium concentration is very low.

In order to compare the nuclear characteristics of BeO- and graphite-

moderated cores, multigroup calculations were made for a two-region

reactor consisting of a cylindrical core containing a homogeneous mixture

of U233, Th232, and moderator surrounded by a cylindrical blanket con

taining the same moderator mixed homogeneously with Th232. Equivalent

core leakage was obtained when the diameter of the graphite-moderated
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core was about twice that of the BeO-moderated core. Equal fractions of

core conversion divided by total conversion were also found for a graphite*

moderated core about twice the diameter of a BeO-moderated core. Higher

total conversion ratios were obtained with BeO-moderated cores because

of the fast reactions in beryllium.

2. Reactor Design Studies

Several alternate designs for the EGCR fuel element spacers and

the top and bottom spiders are being considered. The design of the web

structure for both the top and bottom spiders appears to be the control

ling factor in the magnitude of the gas and surface temperature asymme

tries throughout the seven-rod cluster. The original "H" structure was

found to cause serious maldistribution of the flow. Preliminary analyses

of a new design have indicated considerable improvement in the flow

distribution. An analytical model that describes the flow distribution

in a rod cluster has been derived that agrees well with experimental

results. The effects of fission-gas pressure buildup in fuel elements

under various conditions have been studied in relation to the behavior

of fuel element cladding. The two fuel loading schemes that have been

considered for the EGCR were studied in terms of the effects on fuel

element surface temperatures.

Preliminary design studies of the EGCR control rods have been com

pleted. There will be either 21 or 25 rods located on a 2-ft lattice,

and they will contain, as the poison material, annular rings of B4.C clad

with 3 l/4-in.-o.d. type 304 stainless steel tubing. The rods will be

flexible and each rod will consist of three segments supported internally

on stainless steel cable. Thermal analyses have indicated that coolant

flow of 100 lb/hr up through the center of a control rod will maintain

the cladding temperatures below the allowable limit of 1600°F.

Studies of the deflections and stresses in the cladding of the EGCR

fuel elements have been continued. Unrestrained and restrained thermal

bowing curves were obtained which show that the maximum deflection is

less when the element is unrestrained than when it is restrained.
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Deflection curves obtained for rods having circumferential temperature

distributions show that the maximum unrestrained deflection occurs be

tween the center and the higher temperature end of the rod, and the

restrained bowing curve is S-shaped. The maximum displacements in both

cases are small compared with the l/8-in. minimum clearance around an

EGCR fuel rod.

The central restraining forces and the deflection profiles have

also been obtained as functions of time for mean temperatures of 1200

to 1600°F and diametral temperature differences of 25 and 50°F. The

initial force is directly proportional to the temperature difference,

but, after a given time corresponding to the temperature, the force

becomes independent of the temperature difference.

Equations have been developed for thermal stress analysis of aniso

tropic material subjected to an axisymmetrical temperature distribution.

Since Irradiation-induced dimensional changes in graphite are similar

to thermal strains, the equations can be used for studying the stresses

in the graphite of the EGCR.

A mathematical model was developed for a seismic analysis of the

EGCR. The analysis, which was based on available data and realistic

assumptions, showed that the combined stresses induced by seismic

disturbances present no hazard to the EGCR.

Methods for decontaminating the EGCR charge and service machines

are being studied. Experiments have shown that metal surfaces contaminated

with U02 can be decontaminated with the use of several reagents aspirated

into a steam jet apparatus. Methods for the removal of deposited fission

products are also being studied.

Design criteria have been established for the EGCR helium purifi

cation system. A proposed system consists of an oxidizer and an adsorber,

A separate system will be provided to purify the buffer gas from the

compressor seals. Apparatus for testing oxidizers and adsorbers is

being set up in order to obtain design information.

In further studies of the hazards involved in the operation of gas-

cooled reactors, the existing data on the diffusion of fission products
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from U02 have been evaluated. Also, an analysis is being made of the

graphite oxidation hazard in the EGCR. A preliminary study has shown

that a possibility of graphite combustion in the EGCR exists in the event

of accidental admission of air to the main coolant system.

3. Experimental Investigations of Heat Transfer and Fluid Flow

The investigation of heat transfer in the septafoil geometry was

continued for the situation of tubes restrained at the mid-plane to the

design position and a modified inlet configuration. Circumferential

temperature profiles were obtained for three of the peripheral tubes

and the central tube at 12 axial positionsj the remaining peripheral

tubes were studied only near the mid-plane and the exit. The tempera

ture patterns showed a consistent clockwise shift (as compared with

earlier results), with the maxima occurring at the expected 180-deg

location and the minima in the vicinity of 340 deg. Local heat transfer

coefficients for the three peripheral tubes were comparable to within

1.7$ but were about 8fo below the values calculated for the central tubej

agreement with previous results was excellent.

Preliminary determinations of mass-removal patterns in the vicinity

of the mid-cluster spacer were attempted with the use of a modified

profHometer. Interpretation of the data was complicated by sporadic

calibration shifts. A measurement of the density of the naphthalene in

the as-formed condition resulted in a 4 1/4$ increase in previously

reported mass-transfer factors.

Velocity profiles were redetermined in a septafoil for a y = 2 tube

spacing following corrective modification of the apparatus, and the

velocity contour obtained appeared to be more symmetrical than those

measured originally. No change in the essential details of the patterns

was observed for an almost twofold change in the Reynolds modulus. The

circumferential variation in the local heat transfer coefficient was

predicted from the velocity data using the Prandtl-Taylor analogy. An

extrapolation of this result to the conditions of the heated-tube ex

periment yielded a heat transfer coefficient which was considerably

below the asymptotic value developed from the heat transfer data.



Part 2. Materials Research and Testing

4. Metallurgical Investigations

The fabrication of special U02 specimens for irradiation has been

continued. Tests of stabilized Cr02, which was proposed for use as a

thermal insulator around U02 pellets, showed the material to be un

satisfactory. The Zr02-U02 couples tested showed reaction by diffusion

and then by swelling and distortion.

Work continued on the development of a low-cost production process

for the fabrication of U02 fuel bodies. A pilot plant is in operation,

and a continuous process is being tested on production quantities of

material. Three oxides are being compared from the standpoint of achieving

higher densities or cheaper feed material. The three oxides are Hanford-

denitrator U03 that is hydrogen reduced at 400°F to U02 ground U02

powder prepared by wet milling of previously fired U02 prepared by the

continuous process, and calcined U3O3 prepared by air-calcining any

available oxide at 2500CF and cooling in the absence of air.

An apparatus has been built for determining the thermal conductivity

of U02. Calibration runs are being conducted.

The dimensional stability and mechanical behavior of 95$-dense

hollow U02 pellets in stainless steel tubes are being studied in tests

in which the pellets are heated internally to simulate the thermal

gradients expected in operation in the EGCR. The axial expansion of

the pellets has been observed to be proportional to the central tempera

ture and to be unaffected by the temperature differential across the

walls of the pellets. The expansion profile changes, however, with

increases in the temperature differential, and the contact area between

the pellets is reduced.

A series of measurements have been made of rates of release of Kr85

or Xe133 from small specimens of U02 at high temperatures after irradia

tion at low temperatures to a low burnup. Fission-gas-release rate

parameter values, D'", calculated from the measured release rates corre

lated, in general, with the D' values expected from surface area
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measurements. The D' values were below the value of 10"9 or less at

1400°C that is considered to be acceptable for an EGCR fuel element.

Techniques for fabricating high-density low-porosity graphite

bodies are being developed that will be adaptable to the production of

fueled graphite specimens. Tests of mixtures of graphite powder and

thermosetting binder compounds have shown that the compacting pressure

has little effect on the final density of such bodies. In general, the

use of graphite powder of intermediate particle size and a low percentage

of binder results in high densities that can be increased to some extent

by impregnating the body with additional binding material.

In order to determine the limiting operating temperature of a fuel

element consisting of U02 or other oxide fuel dispersed in graphite, the

rate of reaction of U02 and graphite is being determined as a function

of temperature, U02 particle size, and pressure. Since one of the

reaction products is CO, the weight loss of the specimen is a direct

function of the amount of U02 that has been reduced. In preliminary

tests it was found that the major carbide phase present after the

samples were quenched from test temperatures of 1320 and 1425°C was UC2,

but small amounts of UC were found.

The time-dependent mechanical properties of graphite at 750 and

1100°F are being investigated in order to determine whether graphite

of the type specified for the EGCR will creep at these temperatures.

If creep is observed, the applicable creep law will be determined. The

time-dependence of the fracture ductility of graphite will also be

determined.

Low-density pure BeO and high-density Be0-U02 and Be0-U02-Th02

bodies are being studied as materials for advanced gas-cooled reactors.

Fueled bodies are being prepared for irradiation and fission-gas release

studies, and beryllia tiles containing lithium are being heated for long

periods of time to determine the extent of lithium evolution.

The creep of type 304 stainless steel in various environments is

being studied at temperatures up to 1700°F. In air and nitrogen the

creep rate is lowered because of the strengthening action of a nitride
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precipitate. Data obtained at 1700CF indicate that a hydrogen atmosphere

adversely affects the creep properties, but data obtained in hydrogen

at 1500°F are inconclusive because of lack of reproducibility. Carburi-

zation occurs at both 15C0 and 1700°F in CO and C02 and causes reductions

of the rupture ductility. This effect is not considered to be serious,

however, and is not cumulative.

Experimental studies of the reactions of type 304 stainless steel

with CO and C02 have shown that, with CO at a pressure of 1 atm, carburi-

zation is inhibited by the formation of an adherent graphite surface

film. It was also found the carburization in flowing C02 could be

prevented by carefully removing all CO, but amounts as small as 0.1$ led

to extensive carbon pickup. The reaction rate data for type 304 stainless

steel in C02 are contradictory because of the formation of oxide films

which tend to spall during thermal cycling. Studies of the reactions

with controlled C0-C02 mixtures are under way in a double thermal-

convection loop.

Tube-burst tests of seamless, 0.020-in.-wall, type 304 stainless

steel capsules in various environments have been continued, and annealed

capsules are being tested in air to determine the effect of mid-plane

spacer brazing. Excessive grain growth in certain areas of the wall of

annealed tubes has resulted in premature failure. Thermal cycling of an

annealed capsule produced wrinkling and axial expansion amounting to 0.84$

in approximately 120 cycles.

Synthetic weld-heat-affected zones in type SA-212, grade-B, pressure

vessel steel were prepared "by cycling specimens to 1400 and 2400°F with

an energy input of 50 to 100 kj/in. Structures having unsatisfactory

notch toughness in the heat-affected zones were produced, but it was

found that the impact properties could be improved by heat treatment.

Welding procedures are being studied further in an attempt to produce

microstruetures having acceptable impact properties.

Fifty EGCR fuel elements were manufactured to confirm the fabri-

cability of the design and obtain estimates of the assembly time. The

inspection of components for these elements provided an evaluation of
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the inspection techniques and the quality and dimensional requirements

of the specifications. The rejection rate was very low for components

and welds. Eddy-current Inspection of the tubing and the graphite sleeves,

on the other hand, resulted in extensive rejection. The tubing was later

accepted on the basis of other inspections, but most of the graphite

sleeves were found upon metallographic examination to have defects about

twice as deep as those indicated by the eddy-current inspection. It

appears that 80 to 90$ of the sleeves produced by two vendors and about

40$ of the sleeves produced by a third vendor will be rejected. The

attachment of mid-plane spacers to the fuel capsules was accomplished

by both furnace and induction brazing. Induction brazing was found to

result in a minimum of distortion and grain growth in the tube wall and

to produce sound joints.

Methods of joining the burst-slug-detection tubes and thermocouples

to the reactor vessel nozzles were developed and are being tested by

construction of mockups simulating the reactor design. Procedures for

joining ferritic and austenitic steels by welding with INCO BP-85 and

other filler metals were developed and will be used to fabricate speci

mens for thermal-cycling tests.

A study of the reaction of beryllium with C02 at low pressures and

at temperatures up to 1000°C has shown the rate curve to be parabolic.

The compatibility of stainless steel and beryllium in a NaK environment

is being studied to assist in the design of capsules for studies of

the effect of irradiation on beryllium tubing. At 600°C the transfer of

beryllium to steel is slight, except in areas of contact or close

proximity.

Beryllium tubing is being procured from several experienced manu

facturers for evaluation and tesing. Of the tubing obtained thus far,

the best quality tubing was that machined from hot-pressed blocks. An

investigation of the variables in the extrusion process for producing

beryllium tubing has been initiated.

The joining of beryllium tubing by fusion welding has been success

ful only with tubing machined from hot-pressed material. Brazing and
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diffusion bonding are the more successful methods tried to date. Several

alloys suitable for brazing are available, and leaktight brazed joints

in capsules were prepared. Several diffusion-bonded joints prepared in

helium or vacuum showed complete grain coalescence and were leaktight.

A number of thermal-cycling tests were run on beryllium specimens

from various sources. Results indicate that cycling produces slight

densification, especially in the case of hot-pressed material, but has

no significant effect on the mechanical properties.

5. In-Pile Testing of Components and Materials

The second group of eight full-diameter prototype EGCR fuel capsules

is being irradiated. New estimates of the total burnups for the first

group of similar capsules were prepared. Irradiation of ten similar

capsules has continued in the ETR. Four additional capsules have been

prepared for insertion in the ETR.

New ceramic-insulated miniature capsules have been designed for use

in fission-gas-release experiments, and three capsules of the new type

are being irradiated. The insulating material being used is depleted

U02. Data that have been obtained in the past and current fission-gas-

release experiments have Indicated that the thermal conductivity of U02

does not change with thermal neutron doses between 3 X 1016 and 4 X 1020

neutrons/cm2-sec.

Irradiation of two graphite-clad UC2-graphite matrix fuel elements

in the MTR was completed. The test parameters have been estimated on

the basis of the operating data. The estimated burnup of the U235 in

the fueled graphite matrix is 101 000 Mwd/MT for the "A" element and

46 300 Mwd/MT for the "B" element.

Examinations were made of the first group of ORR-irradiated full-

diameter prototype capsules. There were no evidences of significant

distortion. Equipment is being assembled for postirradiation measure

ments at EGCR operating temperatures of the fission-gas pressure in

four of the capsules. Data obtained recently on fission-gas release

from LITR-irradiated miniature pellets are presented.
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Postlrradiation examinations of the GETR-irradiated capsules were

completed, and ceramographic studies of the fuel are under way. When

the capsules were slit open and the fuel had been removed, it was noted

that the fractures in the U02 were imprinted on the interior of the

cladding. Since the crack imprints have the same intensity as the imprints

of the gaps between pellets, it appears that the cracks occurred suddenly

and did not progress with time.

Data are being obtained in the instantaneous fission-gas-release

experiment for an assembly that consists of two thin plates of high-

density U02 with thermocouples sandwiched between them on the outer

surfaces. Calculated diffusion constants based on the measurements for

the various isotopes are reasonably consistent and support the thesis

that xenon and krypton have diffusion constants of the same order of

magnitude.

Preparations are being made for experimental investigations of the

effects of radiation on structural metals, in particular, steel and

beryllium. Analyses have been made of data obtained in in-pile tube-

burst-type stress-rupture tests of Inconel, and an explanation for the

shorter time to rupture under irradiation has been postulated. The

hypothesis is that helium is being formed in the metal during irradiation

by the neutron reaction B10(n,o:)Li'7 and that the gas accumulates and

creates voids in the grain boundaries which weaken the metal. A number

of heats of Inconel are being made into tubing for further tests. The

boron content and the B10 enrichment were varied in these heats.

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

Analyses of the results of isothermal tests of graphite and structural

materials in static helium have shown the effect of temperature on the

reactions of the graphite and the metals with the impurities produced

by the outgassing of the graphite. At 1400°F, reaction of the outgassed

contaminants with the structural metals is extremely fast, and the gas

mixtures approach equilibrium with the metals. Under these conditions,

decarburization of some test specimens occurs. At 1100°F, the gaseous

xvi



impurities more closely approach concentrations in equilibrium with

graphite. An ever-all reduction of the impurities occurs but at a much

slower rate than at 1400°F.

In a second thermal-convection loop test of graphite and structural

materials in high-pressure helium, the weight gains of the metal speci

mens were found to be similar after test periods of 500, 1000, and 5000

hr. During the tests the hot leg of the loop was maintained at 1225°F

and the system pressure was 325 psig. It appears therefore that most of

the reaction of the metals with the impurities outgassed from the graphite

occurred within the first 500 hr. This result is in agreement with the

observed Impurity concentrations of the helium. The cold leg of the loop
showed no detectable carbon deposits.

The heavy, poorly adherent reaction films commonly found on low-

alloy steels exposed at 1100 and 1200°F to helium containing impurities

produced by the outgassing of graphite have been examined with the use

of electron and x-ray diffraction techniques. The silver-colored outer

layer has been identified as FeC and the black inner layer as Fe304.

Compatibility tests are also being conducted in low-pressure thermal-

convection loops in which the impurity concentrations in the circulating

helium can be controlled. After the first test, with a controlled CO

concentration cf 0.185 vol $ and a graphite temperature of 1100°F, a

type 304 stainless steel specimen that was individually heated to 1500°F

and stainless steel coupons that were at the same temperature as the

graphite showed thin protective oxide films. Low-alloy steels that were

also exposed at the graphite temperature showed heavy, nonadherent oxide

films. A second experiment is in progress with a controlled H20 con

centration in the helium of 0.122 vol $.

In experimental studies of the evolution of gases from graphite,

two grades of graphite, R-1HLM and R-6HLM, obtained from the Great Lakes

Corporation have been tested. It has been found that more consistent

results can be obtained in these tests with the use of induction heating

in place of external resistance heating. Specimens have been tested

that were cut from different positions in a graphite bar, and no effect
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of orientation has been found. The results obtained thus far do show a

lower gas content for R-6LHM than for R-1LHM.

Silicon-silicon carbide coated graphite specimens obtained from the

American Lava Corporation evolved surprisingly large volumes of gas when

heated from room temperature to 1000°C. The data suggest that the coatings

were imperfect.

Experimental studies of the interdiffusion coefficients of noble

gases in graphite were continued. In determining the permeability of

AGOT graphite, nonlinear curves were obtained that indicated turbulent

flow regions. The experiments point up the fact that if back flow of

helium through graphite fuel elements is to be employed as an aid in

fission-product retention, the possibility of turbulent flow within the

graphite must be considered. Interdiffusion coefficients of argon and

helium have been obtained for AGOT graphite, and it has been found that

the diffusion rates for the two gases are not the same. Models for

correlating the data are being studied.

The expected state of combination at equilibrium for all products

of fission of U02 with yields above 0.1 atom per 100 fissions has been

predicted from available thermodynamic data. Estimates of properites

such as vapor pressure, diffusion rates, and chemical reactivity of the

fission products which depend on the state of chemical combination can

be based on these predictions.

In the study of the measurement of high temperatures, a procedure

has been developed for using the Oracle to make the calculations required

to predict the variations of cooling corrections with the cooling con

ditions surrounding thermocouples. Cooling corrections are being

obtained experimentally under the conditions used in the calculations in

order to evaluate the results.

Further tests of Chrome1-Alumel thermocouples in the presence of

chromium, Inconel, and quartz in a flowing helium atmosphere have shown

no fast emf drifts when there is limited access of the helium to the

wires in the thermal-gradient range. Abnormal drifts may occur, however,

under similar conditions in stagnant atmospheres.
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The effect of helium carrier gas pressure on the dynamic adsorption

of krypton by charcoal at 25°C has been studied experimentally, and pre

liminary tests have been made of a number of samples of commercially

available activated carbons with respect to fission-gas retention. The

activated charcoal traps designed for use with GCR-ORR loop No. 1 were

studied and judged to be adequate.

A dual-column gas chromatograph Is being tested on the low-pressure

thermal-convection loop in order to evaluate its capabilities as a process

instrument for the determination of impurities in helium. The maintenance

required by the unit has been negligible, and the reproducibility of the

results is somewhat better than it was thought to be initially. The

moisture monitors being tested on the loop are not, as yet, satisfactory.

7. Development of Test Loops and Components

Installation work on GCR-ORR loop No. 1 has been started, and the

design of loop No. 2 is approximately 70$ complete. Data required for

and analog simulator study of loop No. 2 operation have been assembled,

and design conditions were determined for tests of graphite-clad fuel

elements.

Design criteria have been developed for the helium- and C02-coo2ed

experimental loops in the EGCR. A process flowsheet has been prepared,

and design studies of the main loop components are under way, with prime

consideration being given to those features that affect the reactor

design.

Five 2 l/2-in. and two 10-in. standard Conoseal mechanical joints

of the type to be used in the EGCR experimental loops were received, and

tests of the 2 l/2-in. joints were started. Apparatus for testing the
10-in. joints is being fabricated. Initial tests of the double-gasketed,

gas-buffered, mechanical joints that are being evaluated for use in ex

perimental loops which will operate with gases containing fission products

have indicated excessive leakage. Major improvements will be required

to make these joints satisfactory for service with helium.

A grease-lubricated centrifugal compressor has satisfactorily

completed a 3000-hr endurance test while operating at 12 000 rpm with
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helium at suction conditions of 590°F and 400 psig. Performance data

were obtained during 150 hr of continuous operation of a prototype

regenerative compressor at 9000 rpm with helium at 385 psig and 600°F.

A loop for testing the gas-lubricated compressor ordered from Bristol-

Siddeley is being fabricated. The compressor is undergoing final tests

at the factory. Additional studies of compressors for experimental loops

are under way. Also, tests have been initiated in an apparatus designed

for studying back diffusion of oil or water vapor against the flow of

helium through labyrinth-type seals.
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Part 1. Design Investigations





1. REACTOR PHYSICS

Energy Deposition In Graphite of EGCR

The heat deposition rate in each graphite column and fuel element

sleeve in the EGCR core has been calculated for the initial reactor

loading with the experimental tubes empty. Heating from both gamma-ray

absorption and neutron moderation were included. The gamma-ray source

was taken to have an energy of 15 Mev/fission, with 4.99 Mev/fission

escaping the fuel rods.1 The energy deposition from the moderation of

neutrons was taken to be 4.95 Mev/fission. The calculated total heat

generation rates were 2.09 Mw for gamma rays and 2.07 Mw for neutrons.

The distribution of the heat deposition over the core was deter

mined by summing, at a point, the contributions from each fuel element

inside a 32-in. square, with the summing point at the center of the

square. Contributions from fuel elements outside the square were found

to be negligible. The results of the calculations are summarized in

Fig. 1.1.

Worth of EGCR Control Rod Bank

The shutdown worth of the EGCR control rod bank has been calculated

by using methods described previously.2 The calculations, both for

empty experimental tubes and for a typical experimental assembly in each

tube, were four-group two-dimensional calculations in which each rod

in the bank was explicitly represented as a separate region. A square

geometrical representation of the rods was used, since this had been

shown to give excellent agreement with experimental measurements of the

control rod worth.2 The previous calculations were used to determine

the extrapolation lengths In each group, and the boundary condition at

•"•E. A. Nephew, "Gamma-Ray Heating in the EGCR Experimental Loop
Tube," ORNL CF-59-6-24 (June 1, 1959).

2"GCR Quar. Prog. Rep. Dec. 31, 1959," 0RNL-2888, pp. 9-11.
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Fig. 1.1. Heat Deposition in Graphite Columns and Fuel Element
Sleeves of EGCR Core.
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the rod surface was obtained from the extrapolation lengths. The re

sults of the calculations are summarized in Table 1.1.

Table 1.1. Worth of EGCR Control Rod Bank In the Initial
Core Loading (2.2$ Enriched) at Room Temperature

Number of

Experimental Loop Condition Rods Ak

Inserted
eff

Tubes empty 21* 0.201

Tubes empty 25 0.269

Experimental assembly In each tube
(C/U = 200) 25 0.24-0

*Four rods on core diagonal not inserted.

Perturbations Produced in the EGCR by a
Half-Empty Fuel Channel

An Investigation has been made of the neutron-flux and power-

density perturbations produced by a half-empty fuel channel In the EGCR.

The geometrical configuration used in making a two-dimensional flux

calculation of this effect included a half-empty fuel channel and its

associated moderator surrounded by a homogeneized medium whose thickness

was such that the entire assembly involved a nine-by-nine fuel cell array.

Axial plots of the calculated perturbed thermal flux at various

radial positions are presented in Fig. 1.2. Curves 1 and 2 are,

respectively, flux plots at the center and outer edge of the half-

empty fuel channel. Curves 3 and 5 are flux plots at the inner and

outer edges, respectively, of the homogeneized region. Curve 4 is a

flux plot along what would have been the axis of the fuel channel

adjacent to the half-empty channel had this region not been homogeneized.

The maximum value of the ratio of power density in the perturbed

condition to that in the unperturbed condition at a given position is

approximately 1.7. This occurs in the very end of the partially removed
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fuel assembly, and it drops quite rapidly to 1.1 within about 1.5 in.

The ratio of the total power generated in the perturbed condition to

that generated in the unperturbed condition in the end fuel pellet of

the partially removed fuel assembly Is about 1.14. With reference to

the power density ratio of 1.7 given above, it should be pointed out

that a fraction of this perturbation exists at the ends of the fuel

assembly even when the fuel assembly is fully inserted, and therefore

the perturbation attributable to partially removing the rod is only

about 1.6.

Protactinium Losses in a BeO-Moderated Reactor

In a one-region reactor which uses Th232 as fertile material and

U233 as fuel, the intermediate nuclide Pa233 is subject to competition



between neutron capture and beta decay to U233. The effect on the con

version ratio can be computed from the relationship:

R = R
c c0 (I A) >

where R is the conversion ratio at zero specific power, that is, in

the absence of Pa233 absorption, and

A = *—

G13^ + X13
a

In a reactor operating at a fixed power level, the fission rate is

given by

so

A =

oi3<j) - (1.207 X 10~1:L)(specific power) ,

a13(j>
a (1.207 X 10"1:L)(specific power)

a (1.207 X 10~1:L)(specific power) + 2.93 X 10~7
of$

Recent measurements, as reviewed by Stoughton and Halperin, indi

cate a value of 1200 barns for the resonance integral of Pa233, which

is a considerably higher value than has generally been assumed for the

3R. W. Stoughton and J. Halperin, "Heavy Nuclide Cross Sections of
Particular Interest to Thermal Reactor Operation: Conventions, Measure
ments and Preferred Values," Nuclear Sci. and Eng. 6, 100-18 (1959).



resonance integral, and a value of 70 barns for the thermal cross section.

These cross sections lead to particularly serious losses of Pa233 in

reactors with decidedly intermediate spectra, for example, reactors that

use BeO moderation.

The ratio crL3(t)/a^3(j) varies with changes in neutron spectrum and
a i

thus is affected by changes in core composition. Values of the ratio

were calculated by taking the fluxes obtained in infinite, homogeneous,

multigroup (GNU) calculations of different compositions and computing

and

o13^ = Yi °"g ^u)s AuS >
a

g

of4> = £ o"« 4>(u)S Aug ,
g

where the summation is performed over energy groups g. Since the energy

dependence of the Pa233 cross section has not yet been measured, the

method suggested by Perry, Preskitt, and HaTbert* was used in deducing

group cross sections appropriate to a 1200-barn resonance integral.

The effect of the Pa233 absorption is shown in Fig. 1.3, which is

based on the values of cr^^/cr23)/) obtained as outlined above. It was

assumed that the introduction of heavy nuclides and leakage would not

change the neutron spectrum significantly.

Comparison of Conversion Ratios of Blanket Materials

The conversion ratios obtainable in a Be0-Th02 blanket have been

compared with the conversion ratios obtainable in a blanket composed of

graphite and Th02. To make the comparison, multigroup calculations

were performed in which each case consisted of a long U23302-Be0-Th02

Ak. M. Perry, C. A. Preskitt, and E. C. Halbert, "A Study of Graphite-
Moderated Th-U233 Breeder Systems," 0RNL-2666 (Jan. 18, 1960).
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Fig. 1.3. Conversion Ratio of U23302-Be0-Th02 Systems Compared
with Conversion Ratio at Zero Fuel Specific Power.

cylindrical core surrounded by a cylindrical blanket. The beryllium

cross sections were chosen to given ane,, . = 1.036, which is within
Beu

the range recommended by Hafele and Tsagaris.5 The thorium concentration

in the core was adjusted to maintain criticality.

In Fig. 1.4a the conversion ratios are plotted for 8-ft-diam cores

with 2-ft-thick blankets as functions of the thorium concentrations in

the blanket. The conversion ratio is always higher at a given thorium

concentration for the BeO blanket than for the graphite blanket. The

difference becomes less, however, as the thorium concentration increases,

and both curves rise steeply enough so that equal conversions can be

obtained, in most cases, by using a slightly higher thorium concentration

in the graphite blanket. As the blanket is made thicker, the advantageous

properties of the graphite become more apparent. The limiting case of

an "infinitely thick" blanket is shown in Fig. 1.4b. Here, the graphite

5W. Hafele and M. E. Tsagaris, "The Fast Multiplication Effect of
Beryllium Oxide in Reactors," ORNL-2849 (Nov. 30, 1959).



blanket gives slightly better conversion ratios except at very low

thorium concentrations. At still higher thorium concentrations than

those shown on the graph, the two lines will converge again as each

blanket becomes essentially all thorium.

The effect of varying the core diameter is shown in Fig. 1.5. The

differences mentioned above are emphasized in small cores, since a large

fraction of the conversion takes place In the blanket, and are decreased

in large cores. The situation can perhaps be visualized as the result

of two contrasting properties of graphite and BeO. On the one hand,

the effective absorption cross section of the graphite is lower than that

of the BeO, except at points immediately adjacent to the core, even when

the additional neutron production by the beryllium fast reactions is

included. On the other hand, the reflecting properties of the BeO are

superior to those of the graphite. Thus, the BeO gives better conversion

ratios for thin blankets by minimizing the leakage; BeO also gives better

conversion ratios for thick blankets as long as the thorium concentration

is very low.

Comparison of Nuclear Characteristics of BeO-Moderated
Cores and Graphite-Moderated Cores

In considering the possibility of using BeO for moderation in a

gas-cooled reactor, it is also of interest to compare the nuclear

characteristics with those of similar graphite-moderated reactors. A

series of multigroup calculations was made using the IBM-704 GNU II

code. For each case, a two-region reactor was specified that consisted

of a cylindrical core containing a homogeneous mixture of U233, Th232,

and moderator surrounded by a cylindrical blanket containing the same

moderator mixed homogeneously with Th232. The blanket thickness was

2 ft if the blanket was graphite and 1.4 ft If it was BeO, since

previous calculations with no thorium in the blanket had indicated that

these thicknesses were equivalent in neutron economy. The thorium con

centration in the blanket was fixed at 6.21 X 1020 and 8.28 X 1020

atoms/cm3 for BeO and graphite, respectively, since previous calculations

10
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had indicated that these concentrations would give equal leakage from

the blanket.

The axial buckling was computed by using a core length of 10 ft

plus a reflector savings due to a thick graphite reflector In the case

of graphite-moderated cores or a thick BeO reflector in the case of

BeO-moderated cores. The ratio of moderator atoms to fuel atoms in the

core was fixed at 4000 with BeO and 8000 with graphite. In general It

has been found in other multigroup calculations that approximately equal

values of i)f are obtained when the moderator-to-fuel atomic ratio is

twice as high with graphite as with BeO. The thorium concentrations in

the core were adjusted to give an effective multiplication of 1.1. This

value was chosen, rather than 1.0, in order to approximate the conditions

which would prevail with the inclusion of appropriate fission-product

poisons.

The quantities of particular interest in the calculations were the

leakages from the core, the over-all conversion ratios, and the distri

butions of the conversion ratios between core and blanket. The net

leakage from the core is shown in Fig. 1.6. The leakage increases with

decreasing core diameter and with increasing void fraction. In com

paring the graphite-moderated core with a BeO-moderator core of the

same void fraction, the same core leakage is obtained when the graphite-

moderated core is about twice the diameter of the BeO-moderated core.

It should be kept in mind, however, that the exact shapes of these

curves depend strongly on the composition of the blanket and to some

extent on the thickness of the blanket.

The conversion ratios are shown in Figs. 1.7 through 1.10. The

total conversion ratios in each case seem to decrease with decreasing

core diameter and with increasing void fraction. Analyses of the re

sults show, however, that the former effect is substantially due to an

increase in radial leakage from the blanket, whereas the latter effect

is due to an increase in axial leakage from the core. Hence the total

conversion ratio would be nearly independent of void fraction and core

diameter if the core were made longer and the blanket thicker. Decreasing

12
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the core diameter also had very minor effects on the total conversion

ratio because it increased the fraction of the conversion in the blanket,

since the amount of "parasitic" capture is not, in general, the same in

the core as in the blanket. This effect was not shown accurately, since

the fission products were not explicitly included in the calculation.

Changing the core diameter did not have any perceptible effect on the

total conversion ratio that could be attributed to changes in the

neutron energy spectrum. These calculations did not include the effect

of neutron absorption In Pa233, which would be mostly in the core, and

which could substantially decrease the conversion ratios of the large-

diameter cores in comparison with the small-diameter cores.

The amount of conversion which takes place In the core naturally

increases with increasing core size, whereas the amount of conversion

in the blanket decreases. Again, the shapes of the curves obtained with

BeO moderation are similar to the shapes of those obtained with graphite,

and equal fractions of core conversion divided by total conversion are

found with a graphite-moderated core of about twice the diameter of a

BeO-moderated core. The higher total conversion ratios obtained with

the BeO-moderated cores are primarily due to the fast reactions in

beryllium, that is, the net result of the (n,2n) reaction and the (n,a)

reaction.

15



2. REACTOR DESIGN STUDIES

EGCR Fuel Assemblies

Mechanical Design

Several alternate designs are still being considered for the EGCR

fuel element spacers and top and bottom spiders. One concept of the de

sign is shown in Fig. 2.1. The feature that was thought to be objection

able when used in an earlier design is the requirement that the bottom

spider be welded to three of the outer elements after the cluster is in

serted into the sleeve. Assembly of a number of elements has shown,

however, that there is no difficulty or problem in attaching the bottom

spider in this manner.

The design shown in Fig. 2.1 incorporates a "breakaway" feature in

that the stainless steel and fuel parts of the assembly may be removed

from the sleeve in case the sleeve becomes "jammed" in a channel. The

radial centering tabs on the bottom spider are thin so that, if it is

necessary to remove the cluster from the sleeve, the tabs will bend and

pull through the sleeve; the tensile load applied to the three tubes

welded to the bottom spider is small.

Both the shear pins and the tabs will be tested at room temperature

and at 1100°F. Estimates of the strengths of the pins and tabs are given

in Tables 2.1 and 2.2. Table 2.1 gives the estimated loads required to

shear pins of various sizes at room temperature and at 1100°F. The

reaction loads per tab, given in Table 2.2, are the maximum side loads

that the tabs can withstand at 1100°F for a 0.2$ offset. The approximate

tensile loads necessary to bend the tabs and pull the lower spider through

the sleeve at room temperature are given in Table 2.3.

Flow Distribution

The design of the web structure for both the top and bottom spiders

appears to be the controlling factor in the magnitude of both the gas

and surface temperature asymmetries throughout the seven-element cluster.

16
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Table 2.1. Shearing Load As a Function
of Pin Diameter

_,. Lifting Force (lb)
Pin

Diameter ., _,

(m.) At 1100 F m ,
Temperature

0.051 100 174

0.072 200 347

0.088 300 520

0.102 400 694

0.114 500 867

Table 2.2. Reaction Load Per Tab

for Various Tab Thicknesses

Tab Thickness Reaction Load

(in.) per Tab (lb)

0.011 5

0.022 10

0.033 15

0.044 20

0.055 25

Table 2.3. Lifting Force Required to
Bend Tabs and Pull Spider

Through Sleeve

Lifting Force
Tab Thickness at Room

(in.) Temperature

(lb)

0.028 25

0.040 50

0.057 100

0.069 150

0.080 200



An analytical investigation of the flow distribution at the inlet of an

assembly has indicated that the original "H" structure1 for the web

In the hangers will cause serious maldistribution of the flow through

the assembly. Since the assemblies are to be randomly stacked in the

channels, there would be several angular rotations of the top spider

relative to the bottom spider that would reduce the inlet velocity

around the central tube to about one-half the average velocity for the

cluster. This would lead to large local surface temperatures and large

temperature differences across the outer elements. The flow distribution

analysis of the newer web design for the spider (shown in Fig. 2.1) has

not been completed, but preliminary results indicate a considerable im

provement over the flow distribution of the "H"-type structure. An ex

perimental check Is being made of the validity of the analytical method

used in these calculations.

An analytical model describing the flow distribution in a rod cluster

has been derived that agrees well with experimental results. In this

model the static pressure at any axial location in a channel containing

a rod cluster is assumed to be constant across the channel. To determine

the flow distribution in the channel, it is necessary to divide the

channel into several parallel passages, as shown In Fig. 2.2. For a

seven-rod cluster there are 12 passages, six outer and six inner. As

shown in Fig. 2.1 the equivalent diameter of the inner passages is

greater than that of the outer passages, so the equilibrium velocity

will be greater in the inner passages. Also, since all the passages

communicate with each other, the static pressure in each passage will

be approximately the same.

The velocity in one of the inner passages is compared in Fig. 2.3

with the average velocity for the whole channel. The abscissa for this

case is the ratio of the channel length to the channel equivalent di

ameter. The relative location of the length-to-diameter scale is

arbitrary, and the point at which the curve is intercepted to determine

1MGCR Quar. Prog. Rep. Dec. 31, 1959," ORNL-2888, p. 28, Fig. 2.1.
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the velocity as a function of axial position in the cluster depends on

the inlet velocity ratio. One interesting point shown by Fig. 2.3 is

the large length-to-diameter ratio required to approach the equilibrium

velocity which for this case was about 1.1. It should be noted that,

If the inlet velocity ratio was greater than 1.1, the curve would be

reversed; it would be decreasing with length and approaching the equi

librium velocity from above rather than below.

FlssIon-Gas Pressure Buildup In EGCR Fuel Elements

In the design of the fuel elements for the EGCR, the U02 pellets

are cored so that the central region of the fuel element serves as a

gas reservoir. Although this is a poor location for gas storage because

of its high temperature, it will accommodate a fission-gas release

equivalent to about A-Ofo of the stable xenon and krypton formed during

a lifetime of 10 000 Mwd/MT. Figures 2.4, 2.5, and 2.6 show the results

of calculations of the effects of fission-gas pressure buildup on the

EGCR fuel elements. In all cases the value of the apparent diffusion

coefficient was assumed to be 10"9/sec at 1400°C, with an activation

energy of 65 kcal; the heat transfer rate was taken to be 31 500

Btu/hr.ft; the outside diameter of the U02 was assumed to be 0.705 in.

and the inside diameter 0.323 in.; the stainless steel cladding thickness

was taken to be 0.020 in.; and the initial gap in all cases was con

sidered to be 0.0005 in. The exact magnitude of the gap is not known,

of course, but, at the temperatures shown on Figs. 2.4, 2.5, and 2.6,

the cladding will collapse onto the U02 during the early part of the

irradiation and the gap will be very small. The element will be filled

initially with helium at 1 atm.

The results presented in Fig. 2.4 are based on the assumption that

the pellet diameter remains constant so that, as the internal pressure

builds up and exceeds the external pressure, the cladding will creep

and increase the clearance. Actually, as the clearance increases the

temperature of the U02 will increase, and the U02 will expand and to

some extent decrease the clearance. The results presented In Fig. 2.5
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show the case where the clearance remains constant at 0.0005 in. over

the entire lifetime of the element. In Fig. 2.6 the mean temperature

of the cladding is assumed to be 1400°F, and the local cladding tempera

ture is treated as a variable. Again the gap is assumed to remain con

stant at 0.0005 in.

Thermal Analysis

Two different fuel loading schemes have been considered for the

EGCR. The surface temperature profiles through the maximum power channel

for the two loading schemes are shown in Figs. 2.7 and 2.8. The surface
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temperatures given are mean values and do not Include the effects of flow

maldistribution or hot-channel factors. The coolant enters the bottom

of the core at 510°F and exits at 1050°F. The effects of the loading

scheme in which three new assemblies are Inserted at the top and the

three lower assemblies are removed are shown in Fig. 2.7, and

the effects of reversing the positions of the upper and lower three

assemblies at one-half their lifetime are shown in Fig. 2.8. The latter

scheme results in a considerable reduction in the surface temperature.

The advantage in using the first scheme would be that by moving the fuel

which had received the highest exposure to the bottom of the reactor

where it would be at a lower power density and temperature, the pressure

of the fission products would be lower. Each channel contains six fuel

assemblies, and the very sharp breaks in the surface temperature result
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Assumption that Gap Between Cladding and Fuel Remains Constant as

Cladding Expands.

from flow disturbances at the entrance to an assembly or at the mid-point

spacers, which cause very high local heat transfer coefficients that

decrease rapidly.

EGCR Control Rod Design

Preliminary design studies and thermal analyses of the EGCR control

rods have been completed. There will be either 21 or 25 rods located

on a 2-ft lattice, and they will contain, as the poison material, annular

rings of B^C clad with 3 l/4-in.-o.d. type 304 stainless steel tubing.

The primary mechanical design consideration is that the rod must operate

in a 4-in.-diam hole which develops a 1-in. bow as a result of graphite

shrinkage due to the radial fast flux gradient across the core. Since
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it was not practical to decrease the control rod diameter or to Increase

the hole size, a segmented flexible rod was designed. The preliminary

design shows three segments, each approximately 6 ft long, supported

internally on a stainless steel cable. Porous stainless steel filters

are incorporated in each section to permit venting of the helium generated

within the B4C.

Since all but four of the control rod holes are located at Inter

sections of graphite blocks (four holes are in the center of blocks),

the coolant flow is dependent on other leakage paths through the core.

In order to minimize this leakage and to aid in providing a more positive

coolant flow for the control rods, the primary helium coolant will be

directed through the inside of the rod. This method of cooling also

allows the main structural components to be located inside the rod and

thus minimizes the thickness of the outside cladding, which, in turn,

reduces the amount of neutron scattering by the stainless steel. A flow

restriction 6 in. long with a 3/l6-in. radial clearance between the rod

and the hole at the top of the core has been provided to achieve this

method of cooling. The current core design provides for a flow of

100 lb/hr up through the center of a control rod and, depending on the

rod position in the core, 25 to 75 lb/hr flow in the annulus between the

rod and the walls of the hole. Heat transfer calculations for the case

of a control rod fully inserted in the center of the core give an average

heat generation rate of 8570 Btu/hr-ft, with a peak generation of 12 800

Btu/hr-ft. Allowances were made for heat transfer by radiation to the

graphite and for the changes with temperature level in the clearances

between the B4C and the cladding. (Heat generation rates over the length

of the rod were based on the axial flux gradient in a core with the

inverted fuel loading scheme and with control rods inserted 9 in.) The

results of these calculations, shown in Fig. 2.9, indicate that, for

100 lb/hr flow, the cladding temperatures are below the allowable limit

of 1600°F. Also, since no credit was taken for convective cooling in

the annulus, the cladding temperatures are somewhat high. An increase

in the emissivity of the outside stainless steel cladding from 0.3 to
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0.6 was found to decrease the maximum cladding temperature by about 150°F.

The average amount of heat transferred by radiation Is 45$ for the case

of an emissivity of 0.6 and is 37fo for the lower value of 0.3.

Structural Investigations

Study of Fuel Element Cladding Behavior Under Arbitrary Temperature
Distributions

Data obtained in resistance-heated-tube heat-transfer experiments

have shown that central spacers on the fuel rods in a seven-rod cluster

cause reductions in both the temperature difference across a rod and in
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the mean rod temperature. These changes are mainly confined to the

spacer region. Using the methods of analysis described earlier,2'3 the

significance of such changes in terms of deflection and stresses for an

EGCR rod have been evaluated by comparing the results from the following

cases. In the first case there was a 50CF diametral temperature differ

ence that was constant along the length and was a linear function of the

diameter. In the second case the same temperature distribution was

assumed, except for the central one-fourth of the tube, where the distri

bution, simulating spacer-induced variations, was that shown in Figs.

2.10 and 2.11. The maximum and minimum temperatures were located 180

deg apart. The mean temperature in both cases was 800°F.

Since the spacers prevent deflection at the midpoints of the rods,

each deflection curve was obtained in the following manner. It was

assumed that the displacements were determined by the cladding alone,

that is, that the U02 pellets had no effect upon the deformation, and

the deflection profile was calculated for a given temperature distri

bution. The member was then treated as a simply supported beam with a

concentrated load at the center large enough to yield zero deflection

at the center, and a second curve was obtained. Finally, the two

curves were superposed to give the "restrained" deflection curve desired.

The unrestrained and the restrained thermal bowing curves are

shown in Fig. 2.12. It may be seen from this figure that, when the

changes in the temperature distribution produced by a spacer are taken

into account, the maximum deflection is decreased when the element Is

unrestrained but is increased when it is restrained. This result is

due to the difference in the general shapes of curves A and B when un

restrained. The difference may be visualized by assuming that curve

A is partially restrained so that Its center deflection coincides with

the center deflection of curve B; that is, the maximum deflection point

of curve A is "pushed down" to coincide with the maximum deflection

28
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3"GCR Quar. Prog. Rep. Sept. 30, 1959," ORNL-2835, p. 24.



LU
or

r>

<
or
bJ

0.

50

-z.

2 -50

o
or

<

or
<
>

-100

-150

UNCLASSIFIED

ORNL-LR-DWG 47083

MAXIMUM

MINIMUM

MEAN TEMF ERATURE=800°F 1

0.1 0.2 0.3 0.4

*/Z.,DIMENSIONLESS DISTANCE ALONG CLADDING

0.5

Fig. 2.10. Temperature Along Length of Fuel Element Cladding In
cluding Spacer-Induced Variation.

UNCLASSIFIED
ORNL-LR-DWG 47084

0

TEMPERATURE
O

A

\B

< 25
I-
UJ

5 A-TEMPERATURE VARIATION DUE TO SPACER NEGLECTED
<

n

B-TEMF'ERATURE VA RIATION DUE TO SPACER IN CLUDED

0.1 0.2 0.3 0.4

*/£,DIMENSI0NLESS DISTANCE ALONG CLADDING

0.5

Fig. 2.11. Maximum Diametral Temperature Difference Along Length of
Fuel Element Cladding With and Without Effect of Spacer Included.

29



point of curve B. Then all points (except the end points) along the

resulting deflection curve (curve A partially restrained) are below the

points on unrestrained curve B. Alternately, the maximum stress is

greater for case A than case B, as shown in Fig. 2.13, because this value

Is directly proportional to the unrestrained deflection at the center.

Except near the ends of the rods, both curves in Fig. 2.13 are charac

teristic of those for a simply supported beam with a concentrated load

at the center. The nonlinear portions of the curves can be attributed

to the use of zero radial and tangential displacements at the ends as

boundary conditions in the analytical model.

Studies were also made for EGCR fuel rods having circumferential

temperature distributions given by

t = t0 (0.0632 cos© - 0.4969 sine + 0.1629 sln26) (l)

and

t = t0y (0.0632 cose - 0.4969 sine + 0.1629 sln2e) , (2)

where

to = one-half the maximum diametral temperature difference,

y = axial coordinate divided by the length of the shell, x/L,

6 = angular coordinate.^

The maximum diametral temperature difference, for both distributions,

is along the 97.25—277.25 degree diameter. In the first case this

difference was 50°F along the entire length, while, in the second, it

varied linearly from 0°F at one end (x/l = 0) to 100°F at the other.

The deflection curves, both restrained and unrestrained, for the first

case are the same as those for A in Fig. 2.12. The deflection profiles

for case 2 are plotted In Fig. 2.14, where It may be seen that the maxi

mum unrestrained deflection occurs between the center and the higher

4A plot of this distribution is given in Fig. 2.2 of "GCR Quar.
Prog. Rep. Sept. 30, 1959," ORNL-2835, p. 28.
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temperature end of the rod. Hence the restrained bowing curve Is S-

shaped. The maximum displacements in both cases are small compared with

the l/8-in. minimum clearance around an EGCR fuel rod.

The circumferential distribution of the total normal stress at the

midplane Is the same in both cases (see Fig. 2.15). The maximum normal

stresses along the generatrices of the tubes are given in Fig. 2.16. A

comparison of Figs. 2.13 and 2.16 shows slightly larger maximum stresses

for cases 1 and 2 than for A, but the difference is not significant.

As discussed previously,5 the cladding in the higher temperature

regions of the reactor will creep under thermal loadings. If it is

5nGCR Quar. Prog. Rep. Sept. 30, 1959," ORNL-2835, p. 30.
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assumed that the temperature difference is applied suddenly, the element

will deflect according to the elastic properties of the material, but

ensuing creep strains will change the curvature of the element and cause

Increased displacements. Thus, both the deflection profile and the

force imposed by the central spacer will be time dependent.

In accounting for fuel element behavior under creep conditions, a

creep law for a variable-stress state is needed, but no satisfactory

one has been formulated. Therefore, it is necessary to use a constant-

stress relationship5 and to choose the time increments so that negligible

stress variations, relative to the total stress, occur over any incre

ment. Equations describing the displacement of the neutral axis are

then derived from the resulting stress-strain relationships. (The

neutral axis is assumed to pass through the centroid of the cross

section; therefore, the displacement is also that of the centerllne.)

Since the stress is constant over a given interval, the midpoint of the

element moves, and the zero deflection condition at the midpoint is

violated. This is corrected by "adjusting" the geometry with the use

of elastic theory. Through the use of iteration techniques, the central

force vs time and deflection vs time histories can be computed.

The central restraining force and deflection profiles of an EGCR

rod have been obtained as functions of time for mean temperatures of

1200, 1300, 1400, 1500, and 1600°F. The diametral temperature differences

used were 25 and 50°F, and in each case the temperature was a linear

function of the diameter.

The force imposed by a central spacer, as a function of time, is

shown in Fig. 2.17 for mean temperatures of 1300 and 1600°F. For either

mean temperature, the initial force is directly proportional to the

temperature difference; however, after a given time corresponding to

the temperature, the force becomes independent of the temperature

difference.

The results described above differ from those already presented6

because a testing program has made available more accurate values for

6"GCR Quar. Prog. Rep. Sept. 30, 1959," 0RNL-2835, p. 25.
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the constants in the creep law (see chap. 4, this report). In addition,

the dimensions of the analytical model have been changed.

The displacement profiles are shown in Figs. 2.18 and 2.19. Mean

temperatures of 1300 and 1600°F are again considered, and, in both

cases, the curves are for a temperature difference of 50°F. The curves

labeled "initial elastic curve at zero time" show the position of the

neutral axis immediately after the element Is deflected elastlcally but

before any creep has taken place. (it was assumed that the temperature

difference was applied suddenly.) The remaining curves give the posi

tion of the element at the ends of the designated time intervals. The

curves labeled "<*> time" give the limiting positions, and the stresses

are decayed completely when this profile is reached.

In order to compare the deflection rates, the maximum deflection

at any time, t, was divided by the maximum at t = °°, and the dimension-

less quantity was plotted as a function of time (see Fig. 2.20). At

t = 0 the quantity has a constant value of ~0.38, regardless of the

mean temperature or temperature difference, and, as t approaches in

finity, the value approaches 1 by definition. Therefore the limiting

deflection appears to be a constant multiple of the maximum initial

displacement.

When t = 0, the maximum deflection is given by

W = no a } (3)
max 13.5 ' v '

where e is the maximum deflection which would be achieved by unrestrained

thermal bowing and is given by

a ATL2 /,x

e="MT • (4)

In this expression, oc is the coefficient of thermal expansion at the

mean temperature, AT is the temperature difference across the element,

L is the length, and do is the outside diameter. These relations show

that the limiting maximum deflection of a restrained element is e/5.14.
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(The maximum elastic deflection of a tube whose length is one-half the

total is e/4. Hence, the limiting deflection under creep conditions

approaches that which would occur If the element were hinged at the

center.) This result is very significant because, although an infinite

time is required for an element to reach its maximum deflection, in

many cases this deflection will be closely approached during the fuel

element residence time in the higher temperature regions of the reactor.

The temperature profile shown in Fig. 2.21 is given by

t = t0(0.5 cos0 + 2.0 sin20) . (5)

This profile was considered primarily to establish the plane of bowing.

In all the cases considered previously, the bowing was in the diametral

plane, which not only contained the maximum temperature difference but

also passed through, or in close proximity to, the maximum and minimum

temperature locations.

The maximum diametral temperature difference for the profile In

Fig. 2.21 Is t0, and it occurs along the 0-l80-deg diameter, while the

maximum temperature of 2.36 t0 is at 0 = 42.57 deg and the minimum

temperature of -2.36 t0 is at 0 = 137.26 deg. The results for this case

established conclusively that the plane of bowing is indeed in the

diametral plane containing the maximum temperature difference. The

deflections for the cases with length-to-radius ratios of around 20

were approximately 2% greater than the deflections given by the elementary

beam theory.6 The deflections for cases with length-to-radium ratios

of 50 or greater were identical with those obtained from the elementary

theory.

Thermal Stress Equations for a Thick-Walled Cylinder of Anisotropic
Material ~~ "

The basic differential equations have been developed for the thermal

stress analysis of a thick-walled circular cylinder of an anisotropic

material which is subjected to an axisymmetrical temperature distribution.
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The anisotropic material of particular interest is graphite, for which

the elastic properties parallel to the axial direction are different

from those in the radial and circumferential directions. The elastic

properties in the radial and the circumferential directions are equal.

A completely general analysis requires the solution of two simul

taneous linear partial-differential equations of second order with

variable coefficients, or, alternately, the solution may be obtained from

a single linear partial-differential equation of fourth order, also with

variable coefficients. The variable coefficients depend only upon the

radial coordinate; the angular coordinate does not appear in the equa

tions because of the symmetry condition.

The two simultaneous equations are expressed in terms of the radial

displacement, u, and the axial displacement, w, giving

Cl/u + C u + 0 w = C.t
1 2 zz 3 rz 4 r
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and (6)

C-Lu + CJlw + Ccw = C,t
3z 2r 5 zz 6z

The subscripts designate partial differentiation with respect to the

subscript used; t is the temperature function t(r,z), where r and z are

the radial and axial coordinates; the C (n = 1, . . . , 6) are constants

that depend upon the elastic properties of the material; and L and L'

are operators that operate with respect to r only, as Illustrated below

in an operation on u;

(ru) u
r

Lu = H—
r r

and

u u
i \ r

L u = (Lu) = u +
v r rr 2

r r^

The single partial differential equation is obtained from (6) by

expressing the two displacements in terms of a displacement function <j)

in the following manner:

and

u = L '<f> + bn 6
1 rzz

w = b„L<£ + b0$
2 rz 3 zzz

(7)

The b 's (n = 1, 2, 3) are constants that depend upon the values of the
n

c's in (l). The fourth-order equation then becomes

anLL (j) + a„L<£ + a„<£ = t . (8)
1 r 2 rrzz 3 zzzz v°;
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Here, a (n = 1, 2, 3) is another set of numerical values corresponding

to two sets in (6) and (7).

Unfortunately, a complete analytical solution for (8) [or (6)] that

satisfies the necessary boundary conditions is not known. It may be

possible, however, to develop an approximate solution that gives satis

factory results. For example, the problem may be simplified so that a

differential equation with a known solution is obtained. One method

of reducing the problem is to analyze a section located away from the

ends of a long cylinder so that its behavior Is not influenced by the

end conditions. Provided the thermal loading is independent of the

axial coordinate, a case of plane strain exists; that is, the deforma

tion, w, in the axial direction is zero for the section under examina

tion.

The differential equation for the case of plane strain is

(ru)
kt , (9),

r '

where k is a numerical constant dependent upon the elastic properties

of the material. The stresses and the radial displacement, u, are then

represented by the following expressions:

r a Pl [firl +A-. Bj|
L r2 r2J

rt_£i£i +A+B_i
L r2 r2J

o = Pi

az = p2t + f33A ,

u = k [^♦Mr-f]

}

(10)
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where A and B are constants of integration, and

f(r) =Jtr dr .

The constants (3 (n = 1, 2, 3, 4) and k in (9) and (10) contain the ratio

of the two moduli of elasticity, E » E /E , the two values of Poisson's

ratio, 5 and 8 , and the two coefficients of thermal expansion cu
r

and (X , as shown below:

B(5rV +ar)(i + sr0)
E- (S^):

,rz..z

E - (BrZ)2

mz + 5rzar
P2 *

E - (6rZ)2

.>

E - (5rz)2

-2&rz(Srzaz + ar)
>

p4 .. 2(&rz)2 -E(i-&re)
E(l + 8r6)

The properties E and a In the radial and axial directions are designated

with superscripts r and z, respectively. Poisson's ratio 5 is the

ratio of the strain in the r direction to the strain in the z direction

when the material is stressed in the z direction. A similar interpreta

tion is to be given to the double superscript r0.

Since dimensional changes in graphite that are induced by irradia

tion are similar to thermal strains, the resulting stresses can be
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evaluated using thermal stress analyses. In addition to providing a

means for calculating these stresses, Eqs. (lO) can also be used to study

the influence of the anisotropic properties.

The influence of the material properties upon the radial and

tangential stresses [the first two of Eqs. (10)] can be readily examined

by merely studying the variation of the parameter Pi. However, the

axial stress and the radial displacement are functions of the two radii

of the cylinder, the radial coordinate, r, and the remaining p's. There

fore, the influence of anisotropy is more difficult to evaluate In these

cases.

Seismic Analysis of the EGCR

The EGCR must be designed to withstand loadings caused by earth

quakes which may occur in the East Tennessee area. The motion of the

earth and the accompanying accelerations of the base of a structure

during a quake impose both lateral arid vertical forces upon the sup

ported members. The initiating factor of an earthquake is a sudden

shear failure at some dislocation in the earth's crust and subsequent

readjustment of the shear stresses from the focal region outward; hence,

a disturbance is a response to one or more impulses and is definitely

not periodic. In predicting the behavior of a structure under seismic

loadings, however, the maximum accelerations for the ground movement

and the nature of the response for a body with periodic vibration

characteristics to the nonperiodic ground motion must be known. Using

accelograms from recorded quakes, Biot7 determined the response of a

single-degreee-of-freedom ideal oscillator with varying natural periods

and found that the maximum acceleration occurred when the period of the

oscillator was between 0.1 and 0.5 sec.

In the absence of adequate data, the U. S. Coast and Geodetic

Survey was asked to set a value for the maximum horizontal acceleration

to be used in designing the EGCR. The value given was 5% of that due

7M. A. Blot, "Analytical and Experimental Methods in Engineering
Seismology," Trans. Am. Soc. Civil Engrs. 108, 365 (1943).
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to gravity, and the vertical acceleration was taken as one-half this

amount. With these facts, an analysis was made that considered only

horizontal and angular displacements of the composite structure con

sisting of the core, pressure vessel, and supporting skirt.8 The

nozzles on the pressure vessel and the primary coolant piping were not

taken into account, and all the graphite columns were treated as having

Identical geometries.

The mathematical model Is described in Fig. 2.22. The absolute

horizontal displacement of the top of the cylindrical supporting skirt

is measured along the coordinate, xj the angular rotation of the center-

line of the pressure vessel and the graphite supporting structure is 0

(the core supporting structure was assumed to follow the movement of

the pressure vessel); the displacement of an element of a graphite column

relative to its undeflected position is designated as y; and the absolute

horizontal displacement of the bottom of the supporting skirt (caused

by the earth's movement) is S. The variables Hi and H2, which are the

total lateral sheer forces at the top and bottom of the core, respective

ly respresent a summation of the forces acting on the individual columns.

The latter are shown as H£ and H£ in the figure.

The columns will behave under lateral loadings as simply supported

beams; therefore, the shape of the deflected centerllne for each was

approximated by the sine function

y » A(t) sin 22. f (1;]_)

8"Experimental Gas-Cooled Reactor Preliminary Hazards Summary Re
port," 0R0-196 (May 1959). In this report each graphite column con
sisted of five blocks of equal length which were fastened together by
threaded graphite pins. However, monolithic columns will actually be
used, and therefore the analysis described here was made using the
monolithic column concept.
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where

A(t) = time-dependent deflection amplitude at the center of the
column,

z = variable distance along the column, measured from Its base,

L = column length,

t = time.

The center of gravity of the entire structure was assumed to coincide

with that for the pressure vessel. Hence, the following equations which

describe the system were derived by summing the forces on a graphite

column and the forces and moments for the composite system, Including

damping forces corresponding to the displacements A, x, and 0:

2m2
Mx + G x + kjx 4- Mh0 + A = kiS + C S , (12)

m2 El TT3 m2 m2
A -r U .A H

nrr
A + caA + —_ A + _ x + - h0 = 0 , (13)

L

and

10 + C 0 + C0 - kxhx = -kihS , (14)

where

46

C = bending stiffness of the supporting skirt (that is, the
moment required to give the top rim one radian of angular
displacement with respect to the bottom rim),

CA,C ,C = damping factor associated with the A, x, and 0 displace
ments, respectively,

E = modulus of elasticity for graphite,

h = distance from the upper edge of the skirt to the center
of gravity of the reactor (see Fig. 2.22),

I = mass moment of inertia for the core and pressure vessel
taken about a horizontal axis through the center of
gravity,



I = area moment of inertia for a graphite column,

ki = shear stiffness of the supporting skirt (that is, the
amount of force required to produce one unit of relative
displacement between the top and bottom of the supported
skirt),

m2 = mass of core,

M = total mass of core and pressure vessel,

n = number of graphite columns.

The classical method of solution was employee! in the analysis.

The homogeneous solutions were obtained by taking S = S = 0, and they

are given by

3 T.t
iL =^ eJ (A.coscr.t - B.sintr.t) ,

1—1 J J J J

3 T.t
jlsV e J (C.cosa.t — D.sina.t) ,

3 T.t
0TT = ;, e J (E.coso.t -F.sincr.t) ,
H i=1 J J J J

where t. ± ia. (i = 1, 2. 3) are the roots of the characteristic equa-

tion. The quantities t. depend upon the damping factors and the a.'s
J J

correspond to the three fundamental frequencies of the system.

If the function for describing the displacement of the base of the

supporting skirt (the forcing function in the first set of equations)

is taken as

9T. VonKarman and M. A. Biot, "Mathematical Methods in Engineering,"
pp. 37-^42, McGraw-Hill, New York, 1940.
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n

S"Z Skcos(wkt +^.) ,

where Sn and w, are numerical coefficients and 4 is a phase angle, the
k k k '

particular solutions become

n

48

n

x = /, (In coswn t + Jn sinw, t) ,
p M. s k k k k '
P k=l

n

0p =Z (V°SV +V11™"^ *
P k=l

The homogeneous solutions give the transient part of the response,

the particular solutions give the steady-state portions, and combined

they yield the general solutions:

A = Afi + Ap ,

x = xH + xp ,

0=eH + ep •

The initial conditions used were

A = x==0=A = x = 0=O ,



and the damping factors corresponding to the A, x, and 0 displacements

were 15, 5, and 5%, respectively, of those required to produce aperiodic

motion (critical damping). Under these conditions, the fundamental

frequencies of vibration were found to be 9,3, 16.0, and 72.0 cps,

respectively. The lowest frequency falls within the range of periods

corresponding to maximum acceleration from seismic disturbances, as

discussed earlier, and therefore a forcing function with simple harmonic

motion and a frequency of 9.3 cps was used in completing the analysis.

The first term of the function for S was used, with the maximum

acceleration equal to 0.05 times that due to gravity and 4=0. This

gave

S = -(4.67 X 10~A) cos 58.71 t .

In all cases, the transient response died out in a short period of

time and left only the steady-state behavior. The displacement as a

function of time is plotted for each of the coordinates A, x, and 0 in

Figs. 2.23, 2.. 24, and 2.25. The first part of each plot is the sum of the

homogeneous and steady-state solutions, designated as transient in the

figures, and the second part is the steady-state solution alone. Since

A is the maximum displacement at the mid-plane of a graphite column

(z « L/2), it is proportional to the maximum bending stress, as indicated

by the right-hand ordinate of Fig. 2.23. The maximum bending stress in

a column at any time is 100 psi. It is to be noted from this figure

that the transient part of the curve builds up to the steady-state

portion, thus indicating that 9.3 cps is the fundamental frequency

associated with the motion of the graphite columns in the system as a

whole. Figures 2.26 and 2.27 show the total shear forces at the top and

bottom of the core, as given by the equations

H-4HM)-!-i] tl5)
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and

H2 = m2
|"x /b L\ •• A gAl
|_2 +(2 +6) 6+t +IlJ ' :i6)

where b is the distance from the base of the core to the intersection

of the supporting skirt and pressure vessel (see Fig. 2.22), and g is

the acceleration due to gravity. The right-hand ordinates of Figs. 2.26

and 2.27 indicate the resulting shear stresses. Thus, the maximum shear

stress in a column reaches 5.6 psi. Consistent with the data and

assumptions given herein, the combined stresses induced by seismic

disturbances alone present no hazard to the EGCR, either structurally

or operationwlse.
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Decontamination of EGCR Charge and Service Machines

Volatile fission products and U02 dust from ruptured fuel elements

are expected to deposit on interior surfaces of the EGCR charge and

service machines. Decontamination facilities must therefore provide

both for the washing away or dissolving of the UO2 and its contained

fission products and for the removal of solid fission products and con

densed volatile fission products. The decontamination reagent should be

noncorrosive to mild steel, which will be the most-used material of

construction in the service machines.

It has been reported10 that a mixture of 0.25 M Wa2C03, 0.25 M WaHC03,
and 1.0 M H202 will dissolve U02, and, in experiments at ORNL, powdered

U02 was dissolved in a few minutes at 70°C. The corrosion rate on the

mlld-steel container was less than 0.001 mll/hr. It was also found that

fission-product tellurium deposited from the solutions onto the steel.

In other experiments at ORRL the contamination of metal surfaces

with particulate U02 was simulated by contaminating threaded mlld-steel

bolts with ultrafine U02 which had been irradiated in the ORR. The

oxide was so tightly held to the metal that steam and detergent jets

removed less than one-half of It, as determined by gamma-ray counting.

On the other hand, decontamination by several reagents aspirated into

a steam jet apparatus was successful. A 3-min impingement with a

peroxide-carbonate reagent dissolved U02 from the bolts with a decon

tamination factor of about 100. After a steam-water rinse, a treatment

with Turco 4518 in 10$ solution and steam gave a further decontamination

factor of about 3. Citric acid (10$) mixed with a detergent gave a

decontamlnartion factor of about 7 when used in place of the Turco 4518.

Successive treatments with carbonate, Turco 4518, and citric acid, or

with the two latter reagents used in reverse order, gave a total decon

tamination factor of about 800.

10J. E. Mendel, "Interim Report on the Laboratory Investigation of
Carbon Steel Decontamination," HW-56875 (July 22, 1958).
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The principal volatile fission products expected in the coolant

are xenon, krypton, iodine, tellurium, cerium, and ruthenium, with

traces of strontium, barium, and zirconium. In experiments for deter

mining the extent of fission-product deposition to expect, a sheet of

carbon steel was exposed to a stream of helium which had been passed

over previously irradiated U02 heated to 1000 to l400°C. The irradiated

U02 had decayed for several days, and the steel sheet was located about

3 in. from the U02 sample. Only Te132, I132, and I131 could be identi

fied on the steel with a gamma-ray spectrometer. In another experiment

in which the helium stream was passed over U02 under irradiation in the

ORR, through a long copper line at room temperature, and over the metal

test specimens, much less activity, probably due to the rubidium daughters

of Kr 7 and Kr , was found on the metal specimens.

Decontamination tests were also made on mlld-steel specimens on

which the fission products tellurium, iodine, cesium, ruthenium, and

zirconium-niobium had been deposited from aqueous solutions. Hot water

removed iodine and cesium with decontamination factors of 102 to 103.

Boiling Turco 4518, which contains inhibited oxalic acid, in 10$ solu

tion removed the remaining fission products with decontamination factors

of 15 to 5000 in less than 1 hrj Turco 4501-A was less effective. The

corrosion rate of boiling Turco 4518 in 10$ solution on mild steel was

0.003 ± 0.002 mll/hr (95$ confidence level) in an 18-hr test. Encouraging

results were also obtained with citric acid solutions, but a method of

reducing the corrosion by this reagent must be found before it can be

used.

Helium Purification System for EGCR

When the original proposal for the EGCR purification system was

presented by Anderson,11 the available data were limited, and therefore

11F. A. Anderson, "Proposed Helium Purification System for the
EGCR," 0RNL-2819 (October 1959).
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a re-evaluation of the requirements has been made.12 The system described

by Anderson was selected to control the concentrations of reactive im

purities by treating a bypass stream of the coolant system. Since oil

seals are presently being considered as an alternate to the water seals

considered by Anderson, a separate system for treatment of the buffer

helium for the seals will be needed.

A primary purification system test facility is being installed that

consists of a once-through flow system that can accommodate a nonradio

active, helium stream at the pressures and temperatures of proposed

systems and the various items of purification equipment that are to be

tested. The first components to be tested will be oxidizers (for

oxidizing all contaminants to H20 and C02) and adsorbers (for adsorbing

H20 and C02).

The test facility provides metering systems for seven different

gases which enter a common header and flow to a gas preheater, two

parallel oxidation vessels, a gas cooler, and two parallel adsorbers

(Fig. 2.28 ). A sampling system that consists of an electrolytic hy

drometer and a gas chromatograph is- included to permit gas analyses at

any point in the system.

GCR Hazards Study

The existing data on the diffusion of fission products from U02

have been critically evaluated In order to arrive at a reasonable

description for the mechanisms of release of fission products from the

EGCR fuel elements. The detailed results of this investigation, to

gether with an evaluation of the current knowledge of the escape of

fission products from U02 fuels, are presented in a separate report,13

which is summarized here. The complementary problem on the ultimate

12P. A. Haas and C. D. Scott, "EGCR Coolant Purification - Treatment
of Buffer Helium from Water or Oil Seals," OREL CF-60-1-46 (January i960),

13W. B. Cottrell et al., "Fission-Product Release from U02," ORNL-
2935, to be issued.
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disposition of fission products in large gas-cooled reactor systems is

currently being studied. While the results of this analysis will be

applicable to any gas-cooled system, regardless of the contamination

level, the study is specifically directed to the problems of activity

control in systems with high activity release rates, such as gas-cooled

reactors operating with unclad fuel elements.

Fission-Product Release from U02

The buildup of pressure within the cladding of a fuel element be

cause of the release of volatile fission products from the fuel is one

of the most important factors governing the design of stainless-steel-

clad high-density U02 fuel elements for use In gas-cooled power reactors.

A study has therefore been made to establish the most suitable model for

predicting fission-product release, to evaluate the applicability of

existing data on U02 to the problem, and to determine what research and

development work will be required to obtain an accurate method of pre

dicting rates of release of fission products from U02.

A study of existing literature and discussions at Battelle Memorial

Institute, the Westinghouse Bettis Plant, and Chalk River have indi

cated that the fission products may be released by recoil and a two-step

diffusion process. It is apparent that the diffusion of fission products

from the U02 crystal lattice is the controlling escape process. However,

it has also been shown that, at moderate temperatures, recoil escape may

be controlling and that, under conditions which create a change in the

crystal structure of the U02 (that is, grain growth, sublimation, melting),

a significant increase in the rate of release of fission products occurs.

At the present time it may be concluded with certainty only that the

diffusion process described above is both applicable and controlling in

the relatively narrow temperature region between the temperature at

which recoil escape is dominant and the temperature at which grain

growth occurs.

The available experimental data and techniques permit the con

clusion that a reasonably consistent picture of fission-gas release
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exists despite the fact that much detail is missing and many gaps remain.

The activation energy undoubtedly lies within the range 34 to 81 kcal/mole

and is probably reasonably close to 65 kcal/mole, which is the average

of all measurements and which is the value that has been employed in

calculating the performance of the EGCR fuel elements.

The determination of an absolute value of the diffusion coefficient

for general use In the diffusion equation is extremely difficult, not

only because of the many parameters involved in such an evaluation, but

also because of significant differences from one fuel material to another.

At the present state of understanding, any particular fuel material must

be characterized by a measurement of the diffusion rate constant, D , and

preferably, the measurement is made under conditions as closely approxi

mating those of the anticipated service as possible. Measurements of

D' for materials of the same density manufactured by different processes

have been found to differ by several orders of magnitude. While the

reasons for such discrepancies are being investigated at several instal

lations, much additional work will have to be done before the processes

are understood and the various contributing factors can be controlled.

The wide scatter of the available release rate data precludes the

optimization of the design of a reactor with stainless-steel-clad U02

fuel elements at this time. The scatter is a result of a lack of under

standing of the effects of many of the important parameters that affect

release, such as thermal conductivity, density, distribution of open

and closed pores, grain growth, oxygen-to-uranium ratio, material dis

continuities, and temperature structure. Nevertheless, the accumulated

experience permits a number of conclusions to be drawn with regard to

the effect of these parameters on gas release.

The presence of gaps either within the fuel material or between the

cladding and the fuel material imposes temperature discontinuities on

the fuel element temperature structure. In the case of gas-cooled

reactors operating at high gas temperature with high gas-film tempera

ture drops, the cladding temperature is within the creep range of the

material, and collapse of the cladding material onto the U02 occurs.
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This is in contrast to water-cooled reactors in which the cladding

temperature remains close to the primary coolant temperature and collapse

of the cladding material does not occur.

The existence of a gap between the cladding and the fuel material

may markedly increase the temperature within the fuel region. This

occurs as a result of dilution of the gas initially in the gap with

fission-product xenon and krypton gases that have low thermal conduc

tivities. A large initial gap may also result in a nonuniform collapse

of the cladding material onto the fuel and consequent wrinkling of the

cladding material.

Since U02 fuel material thermally cracks early in its operating

life, the effect of an initial gap cannot be accurately predicted. In

contradiction of the expected behavior, experimental data from the OREL

fuel irradiation program have not shown any effect of xenon and krypton

in the gap on the UO2 fuel temperature, although calculations have indi

cated the presence of a gap.

The calculation of a temperature profile within the fuel material

requires knowledge of the effect of the variables mentioned above and

requires an accurate reference temperature measurement. The determina

tion and verification of the correct temperature structure of the fuel

material while under Irradiation is therefore probably the most important

and most difficult task remaining in the accurate determination of

fission-gas release from fuel material.

An increase of fuel temperature promotes grain growth within the

fuel material, and, in regions where grain growth occurs, fission-gas

release is very high. Although the time-temperature relationship for

in~pile grain growth of U02 has not been established, grain growth has

been observed at temperatures thought to be approximately 1500°C. The

diffusion model is not believed to be applicable, as mentioned above,

in regions where grain growth occurs, and the controlling mechanism for

gas release in these regions is not understood. However, present practice

is to use the diffusion model even in areas where grain growth has

occurred.
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Density, porosity, and surface area are interrelated and all have

an important, though not necessarily independent, effect on gas releasej

in general, the higher the density, the lower the porosity and surface

area and the lower the fission-product release. For a specific material,

definite relationships have been established between density and surface

area and between density and open and closed porosity. The relationship

between density and surface area has been employed to determine the

radius of the hypothetical fuel particle and thence the diffusion co

efficient. This relationship, as well as that between density and

porosity, is believed, however, to be valid only for the fuel material

for which the measurement was made, and use of these relationships for

materials other than the material for which they were determined is

questionable. The effect of closed pores has not been considered in

the models describing the release process, although it has been shown to

reduce the calculated gas release, particularly for fuel materials in

which the total surface area, including open pores, approaches that of

the geometric surface area.

Since the rates of release of fission products could not be deter

mined accurately from existing data, calculations were made to determine

what value of the release rate parameter, D , at 1400°C would be accept

able in the EGCR. For these calculations it was assumed that xenon and

krypton diffuse at the same rate with an activation energy of 65 kcal/mole

and that other fission products could be neglected. In lieu of more

definitive information, the calculations were carried out as a function

of a number of parameters, the most significant of which were fuel-to-

capsule gap, Initial helium pressure in capsule, and D'. Analytical

studies have indicated that, if the D',„„<,., value for the EGCR fuel

material is as high as 10*"9, the initial capsule pressure is 1 atm, and

the operating gap is 0.5 mil, excessive pressures will not be generated

within any EGCR capsule (see Fig. 2.29). Recent experiments have Indi

cated that the capsule wall will collapse onto the surface of the U02

under EGCR operating conditions. Obviously smaller gaps and a lower

D will further improve an acceptable situation (see Fig. 2.30). On
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the basis of measured diffusion rate constants, there Is no doubt that

a fuel which has an acceptable D' value may be specified.

Parametric Study of Fission-Product Contamination

When ceramic fuels are irradiated, a number of the fission products

that are solids at nominal temperatures diffuse from the fuel body, in

addition to the gaseous and volatile fission products, such as xenon,

krypton, iodine, and bromine. If the ceramic fuel is clad with metal,

fission products such as cesium and rubidium may contribute an appreciable

fraction of the total pressure in the element. If the fuel is used in

the unclad condition in gas-cooled reactors, fission-product metals or

oxides will diffuse into the coolant. These fission products, if not

removed as a result of adsorption, chemical reaction, or leakage, will

increase in concentration until their respective partial pressures in

the gas are equal to their vapor pressures at the lowest temperature in

the coolant circuit. After a particular fission-product element has
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reached saturation in the gas, additional release of that element from

the fuel or its formation from a radioactive parent already in the gas

will result in desubllmation of a corresponding amount of that element.

Solid matter formed in this manner may deposit on particulate matter in

the gas or on surfaces in the gas circuit, in particular, the steam

generator. Deposition may be reduced or eliminated by removing part or

all of the fission products in a purification system.

A parametric study based on vapor-pressure data is being conducted

to determine the buildup of "solid" fission products in the fuel and the

gas and the rate of deposition of the solids. The mechanism of deposition

by surface adsorption is being studied independently, and the results

will be factored into the analysis if they are sufficiently conclusive.
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The parameters and the ranges being covered in the study are:

-lDiffusion rate constant, D 10"12 to 10"7 sec

Purification rate constant, r 0 to 10"6 sec"*1

Time 105 to 108 sec

Personnel of the Central Data Processing Facility at K-25 are working

out solutions to the differential equations covering buildup rates in

fuel and gas and are preparing the code for the desired computations on

the IBM-704 machine.

Graphite Oxidation in the EGCR

An analytical study has been initiated for determining the graphite

combustion hazard in the EGCR in case of accidental admission of air to

the main coolant system. A preliminary study14- has shown that the

possibility of burning does exist, and a more precise analysis made with

the use of the IBM-704 computer should yield a more definitive result.

The analysis will consider transient thermal effects due to nuclear

coastdown and'afterheat generation and the effects of blower coastdown.

The following model has been developed to describe the oxidation. The

graphite reacts with oxygen at the surface to form CO, which is trans

ferred across the boundary layer to the bulk gas stream, where the

reaction of CO with oxygen takes place to form C02. As C02 accumulates

in the gas phase, it is transferred to the containing wall, where it is

reduced to CO at temperatures above 1300°F. The reaction is temperature-

controlled at the lower temperature and Is controlled by diffusion across

the boundary layer at the higher temperatures. The heat generated by

chemical reaction will be added to the nuclear heat and any heat generated

by WIgner energy release, and a heat balance will be obtained by machine

computations that will take into account the thermal absorption and

conduction of the graphite. The calculations will also include the

effects of the variations in composition and physical properties of the

14J. W. Prados, "Graphite Combustion Hazard, " ORWL CF-59-11-134
(November 11, 1959).
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gas as It progresses through the core and the variations in the inlet

gas as a result of changes In composition of the gas in the containment

shell, which is assumed to remain intact. The effects of coincident loss

of power to one or both blowers will be considered.

Data on the reaction of graphite and air have been compiled, the

equations for heat transfer to the coolant as a function of varying com

position of the gas as it progresses through the core have been formu

lated, the basic heat balance equations for various increments in the

core graphite adjacent to the coolant channels have been set up, and an

approximate method has been developed for determining the extent of

gamma energy absorption in the graphite from an evenly distributed

source in a seven-rod fuel element cluster. Expressions for describing

thermal radiation from the fuel to the graphite are being studied, and

coding for machine computation is under way. It is expected that the

results of this study will outline the requirements of an oxidation

suppression system if it is found to be needed.
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3. EXPERIMENTAL INVESTIGATIONS OF HEAT

TRANSFER AND FLUID FLOW

Reslstance-Heated-Tnbe Heat Transfer Experiment

The series 2 heat transfer studies with the tubes of the resistance-

heated-tube heat transfer apparatus restrained at the mid-plane to the

design position and a modified inlet configuration were continued.1

Circumferential temperature profiles were measured for peripheral tubes

4 and 6 and central tube 7 at 12 axial positions; profiles for peripheral

tubes 1, 3, and 5 were determined at the L/d -= 17.9 and 35 positions

only. The mean inner surface temperatures are given in Table 3.1. In

this series of experiments, the over-all mean heat flux was 6700 Btu/hr«ft2,

and the average Reynolds modulus was 77 000. All the data have been ad

justed2 to a common inlet air temperature of 63°F. The agreement between

1"

2 it

GCR Quar. Prog. Rep. Dec. 31, 1959," 0RNL-2888, pp. 48-51.

G-CR Quar. Prog. Rep. Sept. 30, 1959," 0RNL-2835, pp. 54-59.

Table 3.1. Axial Variation in Mean Inner Surface

Temperature (Series 2)

Mean Inner Surface Temperature (°F)

L/d
e

Peripheral Tube Nc>. Central

Tube,
1 2 3 4 5 6 No. 7

3.7 262 278 276 255

5 272 288 287 267

7.5 290

10 301 313 317 295

15 319 324 335 317

17.9 328 325 325 329 334 340 327

20 237 235 245 222

22.5 278 278 289 267

25 317 316 329 311

30 356 355 369 349

35 384 386 380 376 384 390 372

38 389 376 383 377
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tubes is reasonable despite some uncorrectable errors introduced by

fluctuations in the inlet air temperature and in the power supply.

The circumferential surface temperature distributions at the two

locations for all seven tubes are summarized in Tables 3.2 and 3.3. The

Table 3. 2. Circ:umferential Temperature Profiles at L/d
e

= 17.9

Angular

Temperature (° F)

Position8-

(deg)
Peripheral Tube No. Central

Tube,
1 2 3 4 5 6 No. 7

0 4.8 1.6 4.8 0.2 2.5 0.3 0.2

20 9.4 5.2 7.3 4.0 7.6 5.3 0

40 12.7 11.5 15.6 7.3 13.5 11.4 0.3

60 14.3 14.5 20.3 15.1 16.1 16.2 0.7

80 12.8 16.5 21.0 16.0 17.6 17.6 1.0

100 12.9 16.7 22.3 16.9 19.7 19.8 1.8

120 12.3 19.6 24.6 17.3 22.9 20.3 2.0

140 14.2 22.9 27.5 20.2 27.6 22.7 2.6

160 17.7 23.2 29.8 23.2 30.5 24.4 3.2

180 20.1 22.6 27.1 22.4 32.0 24.1 2.9

200 22.1 21.4 28.9 22.5 31.3 24.2 2.8

220 22.5 19.6 25.5 21.4 29.2 23.0 3.1

240 20.3 17.7 21.4 20.1 26.3 19.9 2.3

260 16.7 14.7 16.4 16.6 21.4 17.2 2.3

280 10.7 12.9 10.6 12.0 15.3 13.3 2.6

300 4.0 5.1 3.8 6.8 8.7 7.9 1.8

320 0.1 1.4 0.6 1.5 2.7 3.1 1.4

340 0 0 0 0 0 0 0.8

surf, min
315.7 311.5 308.2 315.7 316.3 325.4 325.4

surf, mean
328.4 325.3 325.1 329.3 337.3 340.4 327. 2

The angular position on the tube surface was chosen such that the
0-deg point on a peripheral tube was on the side adjacent to the central
tube (corresponding to the points of closest approach of the tubes to
each other) and was measured in a clockwise direction facing downstream,
that is, in the direction of flow. The 0-deg location on the central
tube was matched to the 0-deg position for tube 5.

Listed in °F above the minimum surface temperature for the tube.
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data of Table 3.2 are for the L/d = 17.9 position immediately upstream

of the mid-cluster spacer. A comparison with the series 1 data2 shows a

slight shift in the primary minimum from 320 to 340 deg. The primary

maximum, however, now occurs close to the expected 180-deg position.

Table 3.3 CircumferentIal Temperature Profiles at L/d
e

= 35

Temperature (° F)
Anguiar

Position8 Peripheral Tube No. Central

(deg) Tube,
1 2 3 4 5 6 No. 7

0 1.5 0 3.6 0 5.3 0 0

20 3.9 0.9 5.0 1.0 10.1 1.8 1.0

40 4.8 2.3 5.8 2.2 16.2 4.5 2.3

60 4.6 3.2 5.4 4.1 19.0 7.8 4.0

80 4.3 3.8 6.2 5.8 23.1 8.8 4.1

100 5.3 3.4 8.0 7.2 27.0 10.2 4.4

120 7.4 5.9 11.2 8.6 31.1 10.2 5.7

140 10.4 7.5 14.8 10.'2 32.9 11.5 7.2

160 14.2 11.0 16.9 10.3 32.2 13.4 8.8

180 16.7 12.8 17.4 13.9 26.8 15.3 9.0

200 17.3 14.4 16.8 15.9 21.0 15.0 8.7

220 16.7 15.4 14.2 16.8 16.0 14.8 7.8

240 14.0 13.0 11.4 16.5 11.9 12.9 7.6

260 10.2 11.2 7.6 14.5 7.9 11.3 7.8

280 6.8 9.1 5.0 11.9 5.1 9.4 7.0

300 2.7 6.6 1.6 8.3 2.3 6.4 5.9

320 1.0 4.4 0.3 6.0 0.3 2.8 4.1

340 0 1.9 0 2.4 0 0.7 2.5

surf, min
376.0 378.8 371.9 367.2 367.4 380.9 366.0

surf, mean
383.8 385.9 380.3 375.9 383.5 389.5 371.5

The angular position on the tube surface was chosen such that
the 0-deg point on a .peripheral tube was on the side adjacent to the
central tube (corresponding to the points of closest approach of the
tubes to each other) and was measured In a clockwise direction facing
downstream, that is, in the direction of flow. The 0-deg location on
the central tube was matched to the 0-deg position for tube 5.

Listed in °F above the minimum surface temperature for the tube.
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Although a small counterclockwise displacement of the profiles is still

noted (corresponding perhaps to a clockwise rotation of the flow), the
series 2 profiles are more nearly symmetrical about the 0~l80-deg radial

axis joining the centers of the peripheral and central tubes. This is

apparent from the graphical comparison presented in Fig. 3.1. The tempera

ture distribution around tube 1, while retaining the same general profile

features as observed for the other outer tubes, exhibits a stronger

minimum in the 80- to 120-deg zone. This persists even at the L/d = 35
e

level. The reason for this deviation is not obvious, and it is planned

to re-examine this tube at a future date. The depression of the profiles

at the 180-deg location for tubes 2, 3, 4, and 6 results from the averaging

procedure used in adjusting the surface temperatures measured at the

beginning and end of a single circumferential traverse and is not to be

taken as an indication of a real phenomenon. The secondary maxima, noted

at approximately 60 deg on either side of the minimum temperature location,

probably reflect the effect of adjacent peripheral tubes. The tempera

ture pattern for the central tube is nearly uniform (an average fluctuation

around the mean of only 0.55$ as compared with 4.1 to 6.2$ for the periph

eral tubes); again, however, a 20-deg counterclockwise displacement of

the profile is observed. Further, the central tube surface temperature

averages 9°F above the temperatures of the adjacent tubes (at the 0-deg
positions).

The data of Table 3.3 list the angular variations in temperature

differences at the L/de = 35 level. The same general profile character
istics are present. For tube 5, however, the primary maximum occurs at

140 deg, and the maximum-to-minimum temperature difference is about 33°F

(approximately twice that measured on the other peripheral tubes). Repeat
runs gave essentially the same results. The peripheral profiles at this

level exhibit less variability than at the L/d = 17.9 position. The

average fluctuation for the outer tubes, except tube 5, has been reduced

to 2.1$ (4.2$ for tube 5). The central tube, however, shows a threefold
increase to 1.5$, and the surface temperature of tube 7 averages 4°F
below the peripheral tube local temperatures in the regions of closest
approach.
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A comparison is made in Fig. 3.2 of the circumferential temperature

profiles for tube 6 at six axial positions. The most prominent features

of these distributions are the consistency of the patterns with respect

to angular position, the flattening of the profiles in the lower region

of the flow channel, and the marked effect of the mid-cluster spacer on

the circumferential variation of tube temperature in the region just

below the spacer. Essentially the same configurations are observed for

tubes 2, 4, and 7. At L/d = 20, the profile shape results from the

distortion of the flow by the mid-cluster spacer (located at L/d = 19).

The minima at 120 and 240 deg show the effect (through boundary-layer

interruption and increased turbulence) of small set-screws which contact

the tube surface. A similar set-screw at the 0-deg position may in part

account for the large maximum-to-minimum temperature difference at this

level. It should be noted that, while the variation around the tube is

large, the maximum tube temperature (270.3°F) is still below the minimum

surface temperatures at the adjacent L/d = 17.9 (325.4°F) and 22.5

(279.9°F) positions.

The axial variation in the mean heat transfer coefficient is summa

rized in Table 3.4 for tubes 2, 4, 6, and 7. Air temperatures were as

sumed to be circumferenttally uniform and to vary axially with the integral

of the power generation between the inlet and any longitudinal position.

This takes into account the axial variation in local heat production re

sulting from the change in tube resistivity with temperature; velocity

contours for the 4:1 tube-spacing arrangement are needed in order to in

clude in the analysis the circumferential change in heat generation.

The asymptotic values at L/d = 18 and 36 are in good agreement with the
previously reported results.1*2

Mass-Transfer Measurements

Preliminary measurements have been made of the mass removal from a

naphthalene-coated rod located in the second (downstream) of two stacked
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Table 3.4. Axial Variation in Mean Heat

Transfer Coefficient (Series 2)

Mean Heat Transfer Coefficient

(Btu/hr- ft2-°F)
L/d

e

Peripheral Tube No. Central

Tube,

2 4 6 No. 7

0 51.3 46.0 46.6 58.4

4 33.4 30.9 32.4 35.5

8 30.6 28.8 29.6 32.4

12 29.3 28.2 28.3 30.7

16 28.8 28.4 28.0 29.7

18 28.8 28.2 28.1 29.4

20 45.3 46.0 44.7 52.4

24 32.9 32.9 31.2 35.4

28 29.1 28.9 28.4 30.5

32 27.2 27.0 27.1 28.8

36 26.0 25.9 26.7 28.3

38 26.4 27.4 27.8 28.3

EGCR fuel element clusters. The test unit, described previously3 and

shown in Fig. 3.3, consists of a dummy and an active cluster. For the

initial series of runs, the bundles were without mid-cluster spacers;

and the adjacent hanger-spider combination was in line. The effect of

the relative orientation of the two bundles will be studied in succeeding

experiments. Details of the profilometer3 are shown in Fig. 3.4; the

angular position marker produces comparison pips on the recorder at

2.5-deg intervals. Typical traces are given in Fig. 3.5 for a number

of successive scans of a rod at a single position; the high degree of

reproducibility is apparent. It has been found that, with care, the

radius of the naphthalene section can be measured to within ±0.0002 in.

Since an average run results in a change in radius of the order of 0.010

In., it should be possible to determine the volume of naphthalene removed

to within ±2$.

3"GCR Quar. Prog. Rep. Dec. 31, 1959," 0RNL-2888, pp. 51-60.
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Interpretation of the data has been complicated by the unexpected

appearance of a sporadic 30$ shift in the profllometer calibration. This

is believed to result from a change in sensitivity of the differential

transformer sensing element induced by intermittent contact between the

iron core and a brass adjusting screw. A slow 5$ drift in calibration

appears to be related to Interference between the channels of the Sanborn

recorder. Following appropriate modifications, the preliminary experiments

will be repeated.

In the previous mass-transfer studies,4, the naphthalene density was

assumed to be 1.078 g/cm3, as determined by Sherwood and Trass.5 The

theoretical density of naphthalene Is 1.145 g/cm3. Since the forming

procedures utilized in the current investigation are somewhat different

from those followed by Sherwood and Trass, a separate determination of

the naphthalene density was made.

The samples studied were prepared in the same manner as the coated

rods used for the mass-transfer experiments.4 A solid aluminum rod (6

In. long and 0.875 in. in diameter) was undercut to a depth of 0.034 in.

along a 3.005-ln. length at the mid-section and coated with naphthalene.

The weight and diameter of the specimen were then determined; the tare

weight of the aluminum rod was found after removal of the naphthalene.

Densities calculated from three measurements were 1.138, 1.107, and

1.126 g/cm3; the precision of the determination was calculated to be

±1.5$. Since all three values fall within the ±1.5$ band around the

mean, a density of 1.124 ± 0.017 g/cm3 will be used in subsequent data

analyses. The previously reported3*6"*8 mass-transfer factors should

accordingly be corrected (multiply by 1.0425).

4J. L. Wantland and R. L. Miller, "Heat Transfer in Septafoil
Geometries by Mass-Transfer Measurements," ORNL CF-59-6-9 (June 30, 1959).

5T. K. Sherwood and 0. Trass, "Sublimation Mass Transfer through
Compressible Boundary Layers on a Flat Plate," AF0SR-TR-58-131 (Sept. 1,
1958).

6"GCR Semiann. Prog. Rep. June 30, 1959," 0RNL-2767, pp. 80-91.
7"GCR Semiann. Prog. Rep. Dec. 31, 1958," 0RNL-2676, pp. 47~54.
8"GCR Semiann. Prog. Rep. Sept. 30, 1959," 0RNL-2835, pp. 59-63.
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Velocity Distribution in Septafoil Channels

The determination of velocity profiles in septafoil channels has been

continued with the use of the apparatus previously described.9 A new set

of top and bottom spiders was installed to assure more accurate spacing

of the tube in the cluster. Velocity contours were then redetermined10

at the L/d = 39.7 level with the 7=2 tube spacing for N = 33 000 and

57 000. The results are given in Figs. 3.6 and 3.7. In contrast to the

previous data,i:L the profiles are very nearly symmetrical with respect to

a channel radius drawn through the center of the peripheral tube; a

counterclockwise rotation of as much as 5-deg had been observed in the

earlier measurements. The slight deviation (about 4$) between the maximum

velocities in the outer flow regions adjacent to the tube is again evident.

It is now suspected that this discrepancy arises from a partial obstruction

and/or deflection of the fluid either by a thermocouple or a channel-wall

joint In the region upstream of the tube cluster.

The velocity profiles of Figs. 3.6 and 3.7 can be used not only to

measure the relative flows in arbitrarily defined flow regions of the

over-all channel, but also to estimate the circumferential variation in

the heat transfer coefficient around any tube. To accomplish this, use

is made of the analogy equations relating the transfer of momentum and

heat. The earliest and simplest of these is the Reynolds analogy12 which

states that

NSt=f ' &

9Ibid., pp. 63-69.

10J. A. Bast, M. L. Minges, and B. V. Makler, "Velocity Profiles
in GCR Channels, " MIT Eng. Practice School Report KT-517 (Jan. 20,
1960).

llrTGCR Quar. Prog. Rep. Dec. 31, 1959," 0RNL-2888, pp. 60-62.

12See J. G. Knudsen and D. L. Katz, "Fluid Dynamics and Heat Trans
fer, " p. 417, McGraw-Hill, New York, 1958.
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In Eq. (l), the Stanton modulus Is

c pu
P

where h is the heat transfer coefficient (Btu/hr*ft2.°F), c is the heat

capacity of the fluid (Btu/lb-°F), p Is the fluid density (lb/ft3), and

u is the average fluid velocity (ft/hr); f in Eq. (l) is the Fanning

friction factor.13 The Reynolds analogy Is somewhat unrealistic, however,

in that it does not take into account the velocity distribution normal to

the surface. An extension of this analogy by Prandtl and Taylor14 in

corporated the velocity distribution in the laminar sublayer; the resulting

relation, which involves the ratio of the velocity at the edge of the

laminar sublayer (u_,) to the average fluid velocity, is given by
a

Kst=§
1

1 +Z- (Npr " 1)

(3)

u

This reduces to Eq. (l) for N = 1.

For the septafoil geometry, in which the velocity varies around the

perimeter of the tube, the average fluid velocity was determined as a

mean value (u ) over small regions adjacent to the tube. These regions
s

were defined by dividing the tube perimeter into 10-deg sectors; the

average velocity was then evaluated by graphical integration of the

velocity profiles in the area bounded by the tube surface, the two radii

defining the 10-deg sector, and the line of maximum fluid velocity

(Fig. 3.8). The velocity contours were first "idealized" by averaging

values of u/u (the ratio of local velocity to bulk average velocity in

the channel) for symmetrical positions about the tube. The calculated

13W. H. McAdams, "Heat Transmission," 3d ed., p. 145, McGraw-Hill,
New York, 1954.

14Knudsen and Katz, op. cit., p. 420.
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average velocity, normalized with respect to the maximum of the sector

velocities, is given in Table 3.5 for six of the sectors between 0 and 180

deg. The velocity, u_, at the outer edge of the laminar sublayer was

obtained from the universal velocity profile15 for turbulent flow In

circular tubes.

The heat transfer coefficient in each sector was then calculated from

the Prandtl-Taylor analogy relation using a friction factor based on the

bulk flow.16 The circumferential variation in h, for N^ = 33 000 and
Re

57 000, is shown in Fig. 3.9. A similar calculation based on the Reynolds

analogy gives values of h which are 6 to 8$ lower than those shown in

15E. R. G. Eckert and R. M. Drake, Jr., "Heat and Mass Transfer,"
2d ed., p. 157, McGraw-Hill, New York, 1959.

16While convenient, the assumption of a constant friction factor
(see ref. 9) is not necessary. A simple analysis shows that the friction
factor for each flow sector is inversely proportional to (u)0-5; f then
varies about 37$ around the tube circumference. Re-evaluation of the
data is in progress.
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Table 3.5. Average Sector Velocities

Velocity (u/u )
. , ' max sAngular ^

Position51 =33 00Q =
(degJ Re Re

u = 91.2 ft/sec u = 126.3 ft/sec
max ' max '

0-10 0.580 0.535
30-40 0.765
40-50 0.755
80-90 1.000 1.000
110-120 0.870 0.895

150-160 0.925 0.910

170-180 0.820 0.685

ohe 0-deg position on the peripheral tube was chosen
to correspond to the point of closest approach of the
central and peripheral tubes (lies on the radius joining
the centers of the inner and outer tubes).
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Fig. 3.9, while the Colburn analogy17

k =NSt'NPr3 =f W
yields h values 12 to 15$ above those found by the Prandtl-Taylor relation.

The mean heat transfer coefficients at the L/d - 39.7 level (as
e

estimated by planimeter from the curves of Fig. 3.9) are 14.8 Btu/hr-ft2-°F

for NRg = 33 000 and 16.7 Btu/hr-ft2-°F for N - 67 000. An extrapola
tion of these results to N = 77 000 (assuming h to vary as N°" 8) yields

Re Ke

the value 18.4 Btu/hr*ft2-°F. This is considerably below the asymptotic

value of 27 Btu/hr-ft2-CF developed from the heat transfer data.

17Knudsen and Katz, op.cit., p. 424
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Part 2. Materials Research and Testing





4. METALLURGICAL INVESTIGATIONS

Fuel and Moderator Materials Development

Fabrication of UP?

A large portion of the effort on U02 fabrication continued to be

devoted to the preparation of specimens and accessory pieces for irradia

tion tests. The close diametral tolerances (±0.001 in.) and the variety

of sizes and enrichments specified require special handling of each batch.

Two experimental induction furnaces have been constructed and put

into operation. One, a molybdenum susceptor furnace, is used for rapid

sintering of UO2 in a pure hydrogen atmosphere. The other furnace, which

has a large, 5 l/2-in.-i.d., graphite susceptor, is used to sinter the

large disks needed for the study of the thermal conductivity of U02.

This furnace will also be used in studying the problems involved in

fabricating large, experimental, UO2 fuel bodies.

Stabilized Zr02 has been proposed for use as a thermal insulator

around miniature UO2 pellets in irradiation tests. In these tests, the

stabilized Zr02 would also be in contact with BeO spacers. Compatibility

tests were therefore conducted on Zr02-U02 and Zr02-Be0 couples by

firing test specimens in hydrogen through four cycles consisting of heat

ing slowly to 1750°C in 27 hr, holding for 3 hr at 1750°C, and slowly

cooling to room temperature. The Zr02-U02 test specimens exhibited

reaction by diffusion after the first cycle, and swelling and distortion

occurred during the fourth cycle. Reactions evidenced by cracking and

distortion also occurred in the Zr02 specimens that were in contact with

BeO. In this case, much of the CaO constituent used to stabilize the

ZrO? seemed to diffuse into the BeO, and the cracking was typical of

the thermal fractures that occur as unstabillzed Zr02 is cooled through

the transformation temperature range. Because of these results, work

on Zr02 insulators has been discontinued.

UOp Process Development

With the constantly increasing use of U02 as a fuel material, the

incentive for developing a low-cost production process for the fabrication
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of U02 fuel bodies has become more apparent. The relative cost advantages

of a continuous process for the conversion of UF6 to U02 and a simplified

process for the fabrication of fuel bodies were described previously.1

A pilot plant has been assembled, and the continuous process is

being tested on production quantities of material. The pellets produced

Initially were of moderately good quality but did not conform to the di

mensional requirements for sintered pellets. Slight modifications were

therefore made to the equipment and techniques, and high-quality fuel

bodies are now being produced consistently.2 Additional studies3 are

under way on the pressing and sintering characteristics of various oxides

in order to determine the requirements for attaining densities greater

than 95$. The control required to insure maximum density and uniform

shrinkage has been difficult to maintain because considerable variations

in the properties of the oxide can occur during each step of the process.

Exploratory tests to determine the effects of thermal and chemical

reoxidation, metal and organic additives, various oxygen-to-uranium

ratios, particle size and shape, and wet milling on the pressing pres

sures and sintering temperature have been completed. As a result of

these tests, three oxides are being evaluated further from the stand

point of achieving higher densities or cheaper feed material.4 The

three oxides are Hanford-denitrator U03, hydrogen reduced at 400°F to

U02; ground U02 powder prepared by wet milling of previously fired U02,

as prepared by the continuous process; and calcined U^Og prepared by

air-calcining any available oxide at 2500°F and cooling in the absence

of air. The previously fired material is characterized by high green

and fired densities throughout the firing range. The denitrator-derived

1"GCR Semiann. Prog. Rep. Dec. 31, 1958," ORNL-2676, pp. 67-77.

2"Y-12 Tech. Prog. Rep., Second Quarter, FY 1960," Y-1268, pp.
A36-A40 (Classified).

3Ibid., pp. A54-A58.

4"Y-12 Tech. Prog. Rep., Third Quarter, FY 1960," Y-1269 (in
publication, Classified).
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material was better than the product from the continuous process at lower

temperatures, but it was not so good when fired at 1900°C.

Thermal Conductivity of UP?

An apparatus has been built for determining the thermal conductivity

of U02 as a function of temperature that is based on the method of radial

heat flow developed by Powell5 and modified by Hedge and Fieldhouse.6

The specimen used is a 3-in.-diam disk with a central hole In which a

heater is positioned. Auxiliary heaters are used at the top and bottom

of a stack of specimens to insure radial heat flow. A muffle furnace

around the outside of the stack is used to heat the specimens to a pre

determined temperature in a hydrogen atmosphere. The temperature is

measured at two accurately spaced radial positions. The apparatus will

operate at temperatures up to 1350°C. Calibration runs are currently

being conducted using Armco iron as a standard.

Mechanical Behavior of Encapsulated U02

The dimensional stability and mechanical behavior of 95$-dense U02

pellets are being observed in an experimental device described previously.

The pellets are encapsulated in a type 304 stainless steel tube and sub

jected to thermal gradients comparable to those predicted for the EGCR.

An effort has been made to increase the temperature differential

between the center of the U02 pellet and the stainless steel wall in a

helium environment to values higher than previously reported.7 Data

showing the average temperature gradients at steady-state conditions for

several runs are given in Table 4.1.

Axial-expansion measurements are being made at elevated temperatures

through the use of low-voltage radiography. The radiographic technique

being utilized permits an accuracy of ±0.003 in. in measuring the total

5R. W. Powell, Proc. Phys. Soc. 50, 407 (1938).

6J. C. Hedge and I. B. Fieldhouse, "Measurement of the Thermal
Conductivity of Uranium Dioxide," AECU-3381 (Sept. 20, 1956).

7"GCR Quar. Prog. Rep. Dec. 31, 1959," 0RNL-2888, p. 67.
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Table 4.1. Average Steady-State Temperature Gradients
Achieved in Experimental Studies of the

Mechanical Behavior of Clad U02

Maximum Pellet . _n ., _,. „ m
Inner Surface Average Cladding Average Temperature
Temperature Wal1 Temperature Gr^nt

(°F)

1000 785 215

1500 1160 340

2000 1385 615

2500 1520 980

3000 1705 1295

height of the U02 pellet at temperature. Radiographs showing the relative

expansion of U02 at various temperatures are presented in Fig. 4.1

Two different loadings of U02 pellets have been tested to date.

Axial-expansion data obtained in several tests are plotted in Fig. 4.2,

along with values of expansion calculated from dllatometer test results.

The data from runs 2 through 5 fall on a single curve, within the ex

perimental errors of the technique. The data obtained in run 6 are low,

but subsequent runs show a trend toward agreement with the data obtained

in the earlier runs. This behavior indicates that a mechanical restraint

may have been imposed on the pellets during run 6 that was relieved in

successive tests.

The expansion appears to be a function of the pellet Inner surface

temperature rather than the mean temperature. Radiographs taken at an

inner surface temperature of 1256°F show no decrease in the column height

of the U02 when the capsule wall temperature is lowered 100°F, but the

expansion profile of the pellets is changed. The gaps that are formed

between pellets as the thermal gradient is increased at high temperatures

are shown in Fig. 4.3. In effect these gaps reduce the area of contact

between pellets to a fraction of the normal value.

Examinations of the U02 pellets tested In the first loading have

been made. Most of the cracks found in the U02 pellets were radial, as









Fission-Product Release Studies

A series of measurements have been made of rates of release of Kr85

or Xe JJ from small specimens of U02 at high temperatures after irradiation

at low temperatures and to a low burnup. The specimens were fragments or

sections of prototype EGCR fuel pellets. The apparatus and procedures were

described previously.8

The results obtained to date are presented in Table 4.2. The first

specimens of U02 studied, samples designated 2-1 and GE-H-4, had decayed

for long periods, and It was necessary to count the Kr85. Since the

counting of Kr85 is not efficient and the rates of release of fission

products from these pellets were low, the counting errors were high, and

the amounts of gas collected In individual tests were barely above the

limits of detection. In order to eliminate these problems, tests on the

samples designated 1173 were conducted shortly after irradiation (l to

2 weeks), and the Xe133 was counted. The decay rates of the gas samples

collected in these tests were several orders of magnitude greater than

in the early tests, so more confidence is placed In the results. The

release rate parameter values, D/, in Table 4.2 were computed from the

data with the use of the relation

D' =
3̂6t >

where f is the fractional release in time t. This equation was derived

from the Lustman model for fission-gas release from U02.9 If this model

is applicable, the D' values should characterize the performance of U02
samples as fuel materials. It has been shown (see chap. 2, this report)

that a D/ value of 10"9 or less at 1400°C is acceptable for an EGCR fuel

element if the activation energy for release Is 65 kcal/mole. This value

may be used to evaluate qualitatively the different batches of U02 pellets.

8Ibid., p. 68.

9See J. D. Elchenberg et al., "Effect of Irradiation on Bulk U02,"
WAPD-183 (October 1957).
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Table 4.2. Results of Fission-Gas ReleaseiRate Measurements on UO2 Pellets

Pellet BET Test _, . T„,.,.=m„„-i-=i Release-Rate
qQI._i D m Test T , Incremental _, .Run t>a™ple jManu- Density Surface Tempera- Tim£ Isotope Fraction Parameter,

No. Design- facturer {% of Area ture /„„„\ Counted „-•,--__,* D'
«°* theoretical) (cm2/g) (°C) (sSc) Released ^^

2 2-1 ORNL 94.8 11.2 1400 7

9

200

000

Kr85
Kr85

1.0

1.1

X 10-3
x 10"3

1.5 X

6.5 X

lO"11
10-12

3 2-1 ORNL 94.8 11.2 1400 3

10

18

25

600

800

000

200

Kr85
Kr85
Kr85
Kr85

1.1

2.3

1.9

1.8

X 10"*
x 10"*
x 10-*
X 10"*

3.0 X

7.0 X

7.6 x

7.6 X

10"13
10"13
10"13
10"13

4 2-1 ORNL 94.8 11.2 1600 10 800 Kr85 5 x 10"* 2.0 X 10-12

5 GE-H-4 GE 93.6 8.11 1600 10 800 Kr85 2.7 X 10"* 8.4 X 10-13

6 GE-H-4 GE 93.6 8.11 1700 10 800 Xe133 3.4 x 10"* 9.7 X IO-13

7 GE-H-4 GE 93.6 8.11 1700 10 800 Xe133 2.5 x 10"* 5.0 x 10"13

8 1173 ORNL 95 89.3 1600 7 200 Xe133 2.C4 X 10"2 5.0 x 10-9

9 1173 ORNL 95 89.3 1400 10 800 Xe133 1.39 X 10-2 1.56 X lO"9

10 1173 ORNL 95 89.3 1400 3

10

18

25

600

800
000

200

Xe133
Xe"3
Xe133
Xe133

1.8:
5.9

2.4

2.1

X 10-2
X 10"3
x 10"3
x 10"3

8.14 X 10~9
3.73 x 10"9
1.99 X 10"9
1.33 x lO"9

11 1173 ORNL 95 89.3 1200 10 800 Xe133 8.6 X 10"3 5.97 x 10"10

12 1173 ORNL 95 89.3 1000 10 800 Xe133 1.2E x 10"* 1.32 x 10"13

Some caution must be applied in making comparisons, however, because the

calculations of Chapter 2 are based on an average D over the lifetime

of the fuel, whereas the data presented here were obtained from specimens

irradiated to low burnups.

It may be seen in Table 4.2 that B/ values for samples designated

2-1 and GE-H-4 are orders of magnitude lower than those for samples from

lot 1173 at the same temperature. It should also be pointed out that the

BET surface areas of the pellets from batch 1173 are approximately an

order of magnitude greater than the surface areas of the other pellets.

According to the Lustman model the fraction of fission-gas released, f,

is proportional to the total surface area. Since D/ is proportional to

f2, an order of magnitude increase in the surface area would be expected

to produce two orders of magnitude of increase in D .

Two special runs were made to determine the relationship between

time and percentage release. The percentage release of Sir" from pellet

2-1 at 1400°C Is shown in Fig. 4.5 as a function of the square root of

time. The deviation from linearity in the 1-hr test is attributed to
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Fig. 4.5. Total Release of Kr85 from Pellet 2-1 as a Function of
Time at 1400°C.

counting errors. These data are in agreement with the Lustman model.

The percentage release of Xe133 from a pellet of batch 1173 is shown in

Fig. 4.6. These results show an initial rapid rate of release followed

by a period in which the square root dependence seems to apply. As a

result of the initial rapid release, D values computed on the basis of

the Lustman model are strongly time dependent and decrease with Increasing

time. Perhaps a better measure of D/ for this sample is the final slope

of the curve relating percentage release and the square root of time.

A value of D/ was computed for the pellet of batch 1173 from the final

slope of the curve in Fig. 4.6 and was found to be 1.3 X 10~10 sec"1 at

1400°C.

In order to obtain a qualitative measure of the other isotopes

being released from U02 during these tests, samples were taken from the

charcoal hot trap and from the tantalum radiation shield. The temperature

of the shield at the point where the samples were taken was 500 to 700°C.

Isotopes found in the trap were Sb125, Ru103, and Te129. The major activity
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Fig. 4.6. Total Release of Xe133 from Pellet 1173 as a Function
of Time at 1400°C.

detected on the shield was from Ce141, Ce144, and Cs137, but traces of

I131, Ru103, La140, and Ba140 were also found. The two U02 specimens

tested in the apparatus prior to the sampling had 14 months and 9 weeks

of decay, respectively, so no short-lived isotopes were present. Similar

tests are being run on samples with short decay times.

Graphite Fabrication

The fabrication of high-density low-porosity graphite bodies is

being studied, and the fabrication techniques developed will be adapted

to the preparation of fueled graphite specimens. Various grades of arti

ficial and natural graphite powder from several sources are being tested

with commercial binders and impregnating solutions. The variables being

studied include the particle size of the graphite, the ratio of amount of

binder to amount of graphite, and the fabrication procedure.

Samples of thermosetting compounds that leave a high carbon residue

have been received from three manufacturers for use as binders, and a
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number of experiments have been performed on various mixtures of these

compounds with graphite powder. The materials were compacted and fired

to 1000°C on firing schedules that ranged from 30 to 100 hr. The Durite

binder (Borden Company) was mixed with the graphite as a dry powder, but

the other binders were added as liquids. The results of these preliminary

experiments are presented in Table 4.3.

Table 4.3. Fired Densities of Various Graphite Mixtures Prepared
with Natural Graphite Obtained from the Superior Graphite Co.

and Designated Superflake 198

Specimen
Compacting
Pressure

(tsi)

Partic le Size

Average
Fired Body No. and

No. (mesh) Density

(g/cm3)
Composition

5S1 36 -100 +200 1.40 Body 58A containing
5S2 36 -200 +325 1.41 500 g of natural
5S3 36 -325 1.46 graphite and 500 g
5S4 45 -100 +200 1.42 of Bakelite binder

5S5 45 -200 +325 1.43
5S6 45 -325 1.46

5S7 54 -100 +200 1.41
5S8 54 -200 +325 1.43
5S9 54 -325 1.48

5S10 36 -100 +200 1.62 Body 5SB containing
5S11 36 -200 +325 1.65 500 g of natural
5S12 36 -325 1.61 graphite and 400 g
5S13 45 -100 +200 1.61 of Bakelite binder
5S14 45 -200 +325 1.66
5S15 45 -325 1.61
5S16 54 -100 +200 1.64
5S17 54 -200 +325 1.66
5S18 54 -100 1.63

5S19 36 -100 +200 1.87 Body 5SC containing
5S20 36 -200 +325 1.90 500 g of natural
5S21 36 -325 1.88 graphite and 100 g
5S22 45 -100 +200 1.87 of Bakelite binder
5S23 45 -200 +325 1.90
5S24 45 -325 1.89
5S25 54 -100 +200 1.89
5S26 54 -200 +325 1.90

5S27 54 -325 1.90
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Table 4.3 (continued)

Specimen
No.

Compacting
Pressure

(tsi)

Particle Size

(mesh)

Average
Fired

Density

(g/cm3)

Body No. and

Composition

6S1 26 -100 +200 1.92 Body 6SA containing
6S2 36 -200 +325 1.96 500 g of natural
6S3 32 -100 +200 1.92 graphite and 200 ml
6S4 45 -200 +325 1.97 of Furacarb P-3

binder

6S5 45 -200 +325 1.96 Body 6SB containing
6S6 54 -200 +325 1.96 500 g of natural

6S7 45 -325 1.93 graphite and 350 ml
6S8 54 -325 1.93 of Furacarb P-3

binder

8S1 45 -325 1.46 Body 8SA-1 contain
8S2 54 -325 1.48 ing 50 g of natural

graphite and 50 g
of Durlte SD-5143

binder

8S2a 45 -325 1.61 Body 8SA-2 contain
8S3 36 -325 1.60 ing 50 g of natural

graphite and 50 g
of Durite SD-5143

binder

8S5 27 -325 1.64 Body 8SB containing
8S6 36 -325 1.66 50 g of natural
8S7 45 -325 1.67 graphite and 30 g
8S8 54 -325 1.67 of Durlte SD-5143

binder

8S9 27 -325 1.83 Body 8SC containing
8S10 36 -325 1.83 50 g of natural
8S11 45 -325 1.84 graphite and 10 g
8S12 54 -325 1.84 of Durite SD-5143

binder

The relatively low densities obtained in bodies 5SA, 5SB, and 8SA-1

were the result of heating too rapidly during firing; this was confirmed

when body 8SA-2, with the same compositon as 8SA-1, was fired slowly

at a rate of ~10°c/hr to a higher density. To eliminate the effects
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of rapid firing a standard heating schedule of 10°c/hr has been adopted

for future experiments.

This preliminary work indicates (l) that the compacting pressure

has little effect on the fired density; (2) that, with the exception of

body 5SA, the highest densities are obtained with the intermediate

(-200 +325 mesh) particle size; (3) that, with Furacarb P-3 as the binder,

changes in the ratio of binder to graphite do not result in changes in

density, and (4) that, with other binders, higher densities were obtained

with lower percentages of binder. Bodies prepared with Furacarb P-3, a

product of the Quaker Oats Co., as the binder have had the highest

densities. Experiments with this binder will be continued. Durite SD-5143

showed little promise as a binder when used as a dry powder, so attempts

will be made to use it in liquid form. No further work is planned with

the Bakelite binder.

As noted in Table 4.3, all the specimens tested thus far have con

tained Superflake 198 graphite, which is a natural graphite obtained from

Superior Graphite Co. The graphite samples obtained thus far from other

manufacturers have been found to have ash content far in excess of the

specified amounts. Additional samples are being obtained.

The impregnation of graphite bodies with solutions of thermosetting

compounds that leave a high carbon residue is also an effective means of

increasing the bulk density. A number of experiments were conducted

with Furacarb P-3 as the impregnating compound, and the results are pre

sented in Table 4.4.

Reactions of U02 with Graphite

The rate of reaction of U02 and graphite is being determined as a

function of temperature, U02 particle size, and pressure. The purpose

of this study is to determine the limiting operating temperature of a

fuel element consisting of U02 or other oxide fuel dispersed in graphite.

Tests have been completed at temperatures of 1320 and 1425°C with -325

mesh U02 in vacuum.

98



Table 4.4. Increase In Density of Graphite by Impregnation

Specimen
Density Prior

Fired Density
After

Number of Increase

No.
to Impregnation

(g/cm3) Impregnation
(g/cm3)

Times

Tested

in Density

3S15 1.51 1.60 2 5.63

3S19 1.50 1.57 2 4.67
3S24 1.57 1.66 2 5.42
4S11 2.04 2.10 2 2.86
4S14 2.05 2.11 2 2.84
4S15 2.03 v 2.10 2 3.33
6S1 1.92 1.95 1 1.54
6S2 1.96 2.02 2 3.06

6S3 1.92 1.96 1 2.04
6S4 1.97 2.03 2 3.05

6S5 1.96 1.99 1 1.53
6S6 1.96 2.00 1 2.04
6S7 1.93 1.97 1 2.07
6S8 1.93 1.97 1 2.07

The samples used for this study were made by mixing -325 mesh U02

particles of greater than 95$ theoretical density with graphite flour

and phenolic resin; the mixture was then cold pressed and fired to 1000°C

under argon. The resulting pellets contained 35 wt %U02 and had a

graphite density of 1.4 g/cm3.

For the reaction-rate observations, the samples were heated to the

test temperatures in an induction furnace under a vacuum ranging from

5 X 10""* to 5 X 10"5 mm Hg. The specimen was hung from a sensitive

steel spring, and the weight loss was measured continuously. Since one

of the reaction products is CO, the weight loss is a direct function of

the amount of U02 that has been reduced. The major carbide phase present

after the samples were quenched from the test temperatures was UC2,

although small amounts of UC were detected. The data obtained thus far

can best be fitted by the equation

1/2
x = kt
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where x is the fraction of U02 reduced, k is the reaction rate constant,

and t is time. The reaction rate constant, k, has been calculated to be

0.30 ±0.05 per hr1/2 at 1425°C and 0.12 ± 0.03 per hr1/2 at 1320°C.

Mechanical Properties of Graphite

Current data from irradiation studies on graphite have demonstrated

a contraction rate which is proportional to the dose. Such contraction

will produce an accumulation of tensile stresses in the graphite moderator

blocks of the EGCR. Therefore the time-dependent mechanical properties

of graphite at 750 and 1100°F are being investigated. The test program

is directed toward determining whether graphite of the type specified

for the EGCR will creep at these temperatures, and, If creep is observed,

to determine which creep law is applicable. The time-dependence of the

fracture ductility of graphite will also be determined.

Fabrication Development of BeO and Be0-U02 Bodies

The materials investigation program for advanced gas-cooled reactors

includes studies of low-density (~80$ of theoretical), pure BeO as

moderator material and high-density (~95$ of theoretical) Be0-U02 and

BeO-U02-Th02 bodies as fuel element materials. Techniques are being

developed for fabricating these materials and for providing specimens

complete with physical property data and fabrication history for use in

irradiation tests.

The first group of specimens being prepared are small high-density

Be0-U02 bushings for the determination of fission-gas release upon

irradiation in LTTR capsules. These specimens are to consist of 54.8

wt %(~25 vol fo) U02 as a fine-particle dispersion in BeO, and they will

be fired to as high a density as possible.

In preliminary fabrication experiments, extruded rods of Be0-U02

bowed slightly during isostatic pressing, probably because of nonuniformlty

in the as-extruded piece. No further deformation occurred during sintering.

A bulk density of 95fo of theoretical was obtained, although microscopic

examination showed a number of small holes In the piece. The holes can
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be attributed to air pockets in the extruded piece or to volatilization

of agglomerates of binder material. Extruded Be0-U30g rods have been

isostatically pressed and are ready for sintering.

Cold-pressed and sintered specimens of BeO-U02 were low in density

(~83$ of theoretical). During microscopic examination, a number of large,

apparently dense grains of U02 were observed that were separated from the

matrix by a pocket-like area. The large grains are attributed to U02

agglomerates that were not broken during mixing operations and subsequently

sintered to a single dense particle.

Specimens of Be0-U30g were cold pressed without a lubricant and

sintered but were also of low density (~83$ of theoretical). The density

was increased to 91$ of theoretical, however, by the addition of 2%

Carbowax as a lubricant.

Evolution of Lithium From BeO

With the increased interest in BeO as a moderator material, more

information is needed concerning the equilibrium concentration of Li

produced by the (n,cc) reaction. In order to determine the rate of re

lease of lithium from BeO at high temperatures, an experiment is in

progress in which beryllla tiles containing approximately 300 ppm lithium

are being heated for extended periods of time (l to 6 months) In a C02

atmosphere at temperatures of 850 ± 5°C. The tiles, 4x4x1 In., were

cold pressed and sintered at 850°C. Spectrochemical analyses Indicated

no change in lithium content during the initial heat treatment. Measure

ments of the neutron adsorption properties of the tiles will be made

in the ORNL Critical Experiments Facility before and after the long-term

heat treatment. The results of these measurements will indicate the

extent to which lithium is evolved.

As a means of control of the experiment and to obtain additional

information, samples are being removed from the heat-treatment equipment

at regular intervals for lithium analysis. Changes found in samples

heated one, two, and four weeks were within the error of the analyses.
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Structural Materials Evaluation

Creep Tests In Various Environments

Creep-rupture tests of type 304 stainless steel in argon, CO, C02,

hydrogen, air, helium, and nitrogen have been continued. The tests in the

various atmospheres are being run at 1500 and 1700°F and at stresses from

1200 to 3500 psi. The results obtained thus far are summarized in Figs. 4.7,

4.8, and 4.9 for test series that have provided sufficient data to warrant

comparison. The variations of the data presented in Figs. 4.7 and 4.8

emphasize the preliminary nature of the curves; no conclusive trends in the

data can be seen at this time. In most cases the curves are based on data

obtained in at least two tests. The creep behavior in argon is used as the

reference for comparison of the behavior in other environments.

Environments of both air and pure nitrogen lower the creep rate at

1500 and 1700°F. It Is felt that this strengthening is due to the

UNCLASSIFIED

ORNL-LR-DWG 44447R2

Fig. 4.7. Effect of Environment on the Creep Properties of Type
304 Stainless Steel at 1500°F and 3400 psi.
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Fig. 4.8. Effect of Environment on the Creep Properties of Type 304
Stainless Steel at 1500°F and 3000 psi.

increased nitrogen content of the material, since an environment of pure

oxygen increased the creep rate. A microstructure typical of specimens

tested in air and in nitrogen at 1500 and 1700°F Is shown in Fig. 4.10.

The precipitate has been identified as CrN and Cr2N. The amount of the

precipitate was found to depend on the stress level, the test temperature,

and the time of exposure to the test environment. A test run at 1500°F

in dried air has indicated that water vapor increases the strengthening

effect of an air environment.

As previously reported,10 specimens tested in CO and C02 are

carburized and the creep rate decreases. This is illustrated by the

analytical data presented in Table 4.5. As discussed in detail in the

following section, the C02 used in the tests contained approximately

0.1$ CO. Removal of this CO by passing the gas over hot copper oxide

10"GCR Semiann. Prog. Rep„ June 30, 1959," ORNL-2767, p. 109.
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Fig. 4.9. Effect of Environment on the Creep Properties of Type
304 Stainless Steel at 1700°F and 1200 psi.

Table 4.5. Carbon Content of Type 304 Stainless Steel Specimens
Creep Tested Under Various Conditions in Flowing C02

Specimen History

As annealed

Tested for 1266 hr at 1500°F

and 3000 psi

Tested for 1005 hr at 1500°F

and 3400 psi

Tested for 929 hr at 1500°F

and 3400 psi

Tested for 1731 hr at 1500°F

and 3700 psi

104

Carbon Content Carbon Content

of Stressed of Unstressed

Portion of Sample Portion of Specimen
(wt %) (wt fo)

0.048

0.18

0.18

0.20

0.21

0.048

0.16

0.17

0.17

0.12





Table 4. 6. Surface Characteristics of Type 304 Stainless Steel
Specimens After Creep Tests in Various Environments

Creep Test

Environment

Test

Temperature

(°F)

Microscopic Observations

Hydrogen 1300-1700 Bright, nonmagnetic

CO 1300-1500 Sooty, dark, adherent oxide;
slightly magnetic

C02 1500 Dark, scaly oxide; magnetic

Air 1300 Dark, adherent oxide;
slightly magnetic

1500-1700 Dark, scaly oxide; strongly
magnetic

Oxygen 1500 Dark, scaly oxide; strongly
magnetic

Argon (or helium) 1300-1700 Bright, nonmagnetic

examinations„ Because of the significant increase in carbon content

of specimens tested in CO and C02, a limited number of tensile specimens

were also tested to Investigate the effect of carbon on the ductility

of type 304 stainless steel. The specimens tested were 0.060-in.-thick

sheet that had been carburized by a variety of treatments. The test

results are summarized in Table 4.7.

Although the addition of carbon reduced the strain at rupture, a

specimen containing approximately 0.3 wt $ carbon still had a ductility

of 19$ at 1500°F, and the yield strength was increased by a factor of

1.7. Addition of a similar amount of carbon reduced the rupture ductility

at room temperature from 83 to 11$.

The tensile properties of a similar series of specimens of 0.020-

in.-thick sheet carburized by annealing in CO at 1900°F are summarized

in Table 4.8. The first 0.2 wt $ carbon added to the specimen reduced
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Table 4.7. Tensile Data Showing the Effect of Carbon on the Tensile
Properties of Type 304 Stainless Steel Sheet Specimens

Sheet thickness: 0.060 in0

Annealing time: 1 hr

Annealing temperature: 1900°F
Annealing atmosphere: hydrogen

Specimen History

Test

Tempera
ture

(°F)

Yield

Strength
(psi)

Tensile

Strength
(psi)

Elongation

($)

Carbon

Concen

trate

(wt $)

As annealed Room 26 500 87 100 83 0.048

As annealed 1500 10 500 19 500 35 0.048

Carburized 233 hr

in CO at 1500°F 1500 16 800 25 600 37 0.23

Carburized 500 hr

in CO at 1500°F 1500 18 400 25 800 25 0.28

Homogeneized 1 hr
at 1900°F in argon 1500 17 600 25 100 19 ~0.3

Tested in C02 for Room 25 000 79 900 60 0.093

1727 hr at 3400

psi

Tested in CO for Room 30 200 81 000 23 0.21

1731 hr at 3700

psi

Carburized 233 hr

in CO at 1500°F

Carburized 500 hr

in CO at 1500°F

Room 32 600 76 300

Room 34 300 83 900

11 -0.2

11 -0.3

the room-temperature rupture ductility from 56.5 to 28.5$. Additional

carbon did not cause further reductions of the ductility.

As shown in these tests, the addition of carbon reduces the ductility,

but the amount of reduction is not serious. Additional tests are being

run to evaluate the effect of carbon on the ductility of type 304 stain

less steel when the carbon Is added under stress and is more heavily

concentrated along the grain boundaries of the material. Failure in

these tests will be detected by the propagation of a crack through the

material rather than by a fracture.
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Table 4.8. Tensile Data Showing the Effect of Carbon on the
Room-Temperature Tensile Properties of Type 304 Stainless
Steel Specimens Annealed and Carburized by Exposure to CO

Sheet thickness: 0.020 in.

Annealing time: 1 hr
Annealing temperature: 1900°F
Annealing atmosphere: hydrogen
Carburization temperature: 1900°F

Carburization Yield Tensile
Elongation

($)

Approximate

Carbon

Content

(wt $)

Period

(hr)
Strength
(psi)

Strength
(psi)

0 26 700 87 200 56.5 0.05

2 36 100 92 600 28.5 0.25

4 36 600 96 600 29.5 0.29

A 34 700 97 300 32.0 0.29

6 36 100 97 900 35.0 0.32

6 34- 700 98 600 35.0 0.32

24 35 500 99 200 32.0 0.70

24 36 100 99 100 38.0 0.70

Preliminary tests have been run to determine the effectiveness of a

thin copper film in reducing the rate of carburization of type 304 stain

less steel In CO and C02 environments, in case it is found to be desirable

to avoid carburization. Tests in which no stress was applied look quite

promising.11 The effects of stress are indicated in Figs. 4.11, 4.12, and
4.13, which show a specimen with a 0.001-ln.-thick copper film after more

than 1000 hr in CO at 1300°F and a stress of 9500 psi. Although considerable

carburization occurred at the point of rupture, only a small amount of

carburization was detected along the rest of the gage length of the test

specimen. The film on the unstressed portion of the specimen remained

intact, and no carburization was found by metallographic examination. The

effectiveness of the copper film is also demonstrated by the fact that the

creep curve of this specimen was almost identical with that observed for

11",GCR Quar. Prog. Rep. Sept. 30, 1959," 0RNL-2835, p. 85.
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an unplated specimen tested in argon at the same stress and tempera

ture.

On the basis of these tests it is felt that the environments present

in the EGCR will not adversely affect the creep properties of type 304

stainless steel. The environments will be carburizing and oxidizing and

will reduce the creep rate of the material. Although these processes

will also reduce the ductility, it is felt that the extent of this effect

will not be serious.

Reactions of Type 304 Stainless Steel with CO and C02

Tests in Flowing C02. It was reported previously12*13 that carburi

zation occurred on type 304 stainless steel specimens exposed to flowing

C02 at 1500°F. Analysis of the gas used in the tests indicated that it

contained approximately 0.1 vol $ CO. In subsequent tests, in which the

CO was removed by passing the test gas over hot copper oxide, no detectable

carbon pickup occurred during a 1500-hr exposure. The tests with a small

amount of CO present more closely simulate reactor conditions, however,

and the results Illustrate the very low C0-to-C02 ratio at which carburi

zation may occur.

Reactions In Flowing CO. Type 304 stainless steel specimens tested

at 1500°F in flowing CO at a pressure of 1 atm showed high initial rates

of weight gain and subsequent rapid losses in weight. The rate of weight

loss decreased In a period of approximately 24 hr, and subsequent weight

changes were very small. Carbon analyses indicated that the carbon con

centration of the sample followed a pattern similar to the weight loss

pattern. The losses In carbon content and total weight may have resulted

from a reaction between the surface oxide and the carbon present in the

sample to form free metal and CO. The adherent graphite layer formed on

the specimen surface may have prevented free access of CO from the test

environment to the specimen surface and thus made the conditions favorable

for the reaction. The possibility of removal of the surface oxide film
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12"GCR Semiann. Prog. Rep. June 30, 1959," 0RNL-2767, p. 109.

13"GCR Quar. Prog. Rep. Sept. 30, 1959," 0RNL-2835, p. 85.



during thermal cycling and therefore the recurrence of an initially high

reaction rate upon reheating is being investigated.

Mechanism of Reactions with C02. The study of the reactions of type

304 stainless steel with C02 has continued. It was reported previously

that C02 is oxidizing and possibly decarburizing to the metal at elevated

temperatures.14- The oxidizing reaction results in the formation of oxides

with the compositions 3Cr203«Fe203 and FeO(NiO)-Cr203. Additional tests

have confirmed the decarburizing tendencies of C02.

In the course of these studies it was found that the reaction rates

were essentially independent of the C02 concentration in the pressure

range from 10 to 6000 u Hg (approximately 0.001 to 0.6 vol $). The

reaction rate at 1400°F in C02 at a pressure of 10 u can be described

by the equation

AX = 9.46 X 10~3 t0-64 ,

where AX is weight gain in mg/cm2 and t is time in hours. A comparison

of the data with those reported by other workers,15*16 whose tests were

conducted at pressures up to 100 psi C02, showed that the reaction rates

at the higher pressures were an order of magnitude lower than reported

here. In view of this apparent discrepancy, it was concluded that the

intermittent weighing technique might be in error. This conclusion is

based upon numerous tests in which the stainless steel samples showed

weight increases greater than 0.3 mg/cm2 when weighed at temperature and

exhibited very slight weight gains or even weight losses by the "before-

and-after" weighing technique. Spalling of the oxide was found to be

responsible for the discrepancy.

14-"GCR Semiann. Prog. Rep. Dec. 31, 1958, " ORNL-2676, pp. 86~87.

15S. R. Billington, C. G. Stevens, and M. W. Davis, "The Oxidation
of Four Austenitic Stainless Steels and the Nickel Alloy Inconel In

Carbon Dioxide," GCM/uK/l6 (January I960).

16"Studies on the Compatibility of High Temperature Carbon Dioxide
with Stainless Steels and Other Materials (Preliminary Report)," GNEC-121
(December 17, 1959).
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Further evidence of the spalling of the oxide from stainless steel

Is shown in Fig. 4.14, which is a record of the weight changes that

occurred when a test specimen was being cooled to room temperature. The

apparent weight gain of the specimen in this test was 0.04 mg/cm2. The

uniform loss of oxide shown by the curve indicates that the spalling was

due to stresses developed between the oxide and base metal, probably as

a result of phase transformations in the oxide film.

Reactions with C0-C02 Mixtures. The double thermal-convection loop

described previously17 for use in studying the reactions has been modified

to some extent and is being operated with mixtures of CO and C02. It

was found in a test in which the type 304 stainless steel specimen were

exposed to CO and C02 at a ratio of 10:1 that control of the concentration

of impurity gases at low amounts is feasible for extended test periods.

In the test the gas composition was originally determined by the tempera

tures of the generating chemicals, but it gradually approached the theo

retical equilibrium concentrations in flowing gases. It is of interest

17"GCR Quar. Prog. Rep. Sept. 30, 1959," 0RNL-2835, p. 82.
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Fig. 4.14. Weight Change of Oxidized Type 304 Stainless Steel as
a Result of Oxide Spalling During Cooling from 1000°C to Room Temperature.
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to note that, at a temperature of 600°C, a 200-hr period was required

for the reaction of C02 with graphite to reach equilibrium. Equilibrium

was attained within 24 hr, however, when cast iron was used as the source

of graphite. The observations indicate that contamination of graphite

with iron may accelerate its reaction with C02.

Mechanical Property Studies of Structural Materials

Tube-Burst Tests. Studies are continuing on the effect of differ

ential pressure, temperature, and environment on the time to rupture of

seamless, 0.020-ln.-wall, type 304 stainless steel capsules. The data

obtained for as-received material tested in air were summarized previously.1!

Because of the metallurgical changes in the capsule material during brazing

of the mid-plane spacer, portions of the tube-burst test program are being

repeated to obtain realistic design data. The results obtained thus far

for annealed material are presented in Table 4.9.

After tests were completed on material annealed at 2150°F for 2 hr,

metallographlc examinations revealed that the specimens contained several

areas with very large grains, some of which extended completely across

the wall of the tube. An example of this condition is shown in Fig. 4.15.

The areas with large grains spiraled around the tube in the same manner

as the marks left from the straightening operation, and thus it appears

that the cold work remaining from the straightening operation causes

abnormal grain growth when the material Is annealed under the above con

ditions. It was also found that cracking occurred only in the areas con

taining the extremely large grains. The normal fine-grained microstructure

of the tube wall is shown in Fig. 4.16.

The times to rupture being obtained in these out-of-pile tests give

a scatter band that includes the results previously reported18 for four

in-pile tube-burst tests of type 304 stainless steel. It should be

pointed out, however, that the in-pile specimens were fabricated from a

different heat of material and were only 2 l/2 in. long, whereas the

18"GCR Quar. Prog. Rep. Dec. 31, 1959," 0RNL-2888, p. 78.
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Table 4.9. Results of Burst Tests of Type 304 Stainless Steel

Seamless Tubes at 1500°F

Specimen Heat
Treatment Prior

to Testing

Test

Environment

Tangential
stress

(psi)

Time to

Rupture
(hr)

Annealed at 2150°F for

2 hr in hydrogen Argon 5500 66

Annealed at 2150°F for

2 hr in hydrogen Argon 5500 95

Annealed at 2150°F for

2 hr in hydrogen CO 5500 90

Annealed at 2150°F for

l/2 hr in hydrogen Air 3378 933

Annealed at 2150°F for

l/2 hr in hydrogen Air 5042 94

Annealed at 2150°F for

l/2 hr in hydrogen Air 6750 10

Annealed at 2150°F for

l/2 hr in hydrogen Argon 5066 474

Annealed at 1950°F for

l/2 hr in hydrogen Argon 5500 210

Annealed at 1950°F for

l/2 hr in hydrogen Argon 5500 264

Annealed at 1950°F for

l/2 hr in hydrogen CO 5500 614

Annealed at 1950°F for

l/2 hr in hydrogen CO 5500 505

out-of-pile specimens have all been 6 in. long. Two additional out-of-

pile tests have been conducted at 1500°F with specimens from the same

heat of material and with the same dimensions as the in-pile specimens.

The results indicate that the out-of-pile time to rupture is about twice

the in-pile time to rupture. Standard 6-in.-long specimens prepared from

the in-pile test material are currently being tested to determine whether

the differences in the time to rupture are due to the specimen geometry

or to variations in heats of material.
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increased by 0.84$. Another specimen subjected to 10 cycles at a cycling

rate of 250°F/min increased in length by only 0.

Pressure-Vessel Steel Investigations

Studies of Weld Zones. The Impact behavior of synthetic weld-heat-

affected zones on type SA-212, grade-B, steel plate is being studied as

part of a subcontract at the Rensselaer Polytechnic Institute. The

specimens being tested are subjected to the same thermal treatment as

typical areas of welds. The impairment of the Impact properties of

Charpy V-notch specimens cycled to a peak temperature of 2400°F as com

pared with specimens cycled to 1400°F at an energy input of 50 kj/in.

was reported recently.19

Additional studies have been conducted at RPI on specimens that

were prepared by using an energy input of 50 kj/in. to simulate the weld

heating and then stress relieved at 1150°F. The effects of various

thermal cycles on the impact strength of type SA-212, grade-B, carbon

steel in heat-affected zones are summarized in Fig. 4.17. The mid-energy-

range transition temperatures for the impact-strength curves shown in

Fig. 4.17 are listed in Table 4.10. Various specimens have been examined

metallographically, and it has been found that the microstructures help

to explain the changes in notch toughness resulting from the various

heating and cooling cycles. Specimens cycled to 1400°F at 50 kj/in.

(without stress relief) showed an improvement in the notch toughness as

a result of refinement of the grain size. The pearllte grains transformed

completely into small grains of austenlte upon heating to 1400°F. Also,

the ferrite grains became smaller as a result of partial solubility in

the austenite at 1400°F. During cooling, the small grain size and the

low austenitizlng temperature effectively caused early transformation of

the austenite to the soft and ductile transformation products (fine

grained ferrite and pearlite). The microstructures of the original

19Ibid., pp. 82-84.
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Fig. 4.17. Charpy V-Notch Impact Strength of ASTM Type SA-212,
Grade-B, Carbon-Silicon Steel Cycled to 1400°F Using 50 kj/in. and 100
kj/in. Energy Inputs.

as-received material and of a specimen cycled to a peak temperature of

1400°F are shown in Fig. 4.18.

Specimens cycled synthetically to 2400°F with an energy input of

50 kj/in. developed a very coarse-grained mixed structure containing

primarily martensite, with ferrite, pearlite, and possibly some bainite,

as shown in Fig. 4.19a. The large grain size and the high austenitizing

temperature apparently shifted the T-T-T diagram to the right, and there

by permitted sufficient time for martensite to form as a considerable

portion of the transformation products. In addition, the low energy

input of 50 kj/in. caused the cooling rate to be relatively rapid.

Charpy V-notch specimens with this structure were comparatively brittle,

having a maximum inpact strength of 22 ft-lb and a shear value of only
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Table 4.10. Transition Temperatures of Type SA-212, Grade-B
Steel Specimens with Synthetic Heat-Affected Zones

Thermal Cycle

Peak

Temperature

(°F)

As-received

1400

2400

2400 (stress-
relieved at

1150°F for

4 hr)
2400

Energy

Input

(kj/in.)

50

50

50

100

Mid-Energy-Range
Transition

Temperature
(°F)

30

5

150

50

205

Remarks

Ductile portion of

impact curve occurred
at only 22 ft-lb,
with 25$ shear

$ in the ductile or high-temperature portion of the impact curve.

However, when specimens having this structure were stress relieved at

1150°F for 4 hr, the martensite was tempered as shown in Fig. 4.19b,

thereby reducing the hardness. The notch toughness of the resulting

structure approached that of the as-received plate.

Cycling of specimens to 2400°F with an energy input of 100 kj/in.

produced a very coarse-grained austenite and a slower cooling rate than

obtained when using an energy input of 50 kj/in. The transformation

products formed, as shown in Fig. 4.20, were essentially ferrite and

pearlite, which are characteristic of slow cooling. The ductile portion

of the impact curve was improved, but the transition temperature was

still high. The effect of a stress-relief anneal on the transition

temperature will be determined.

The tests conducted thus far show that structures having unsatis

factory notch toughness in the heat-affected zone are produced during

welding. However, the impact properties of these structures can be

improved by heat treatment after welding. Additional studies are being
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Manufacturing and Inspection Methods

Fabrication of EGCR Fuel Elements

The assembly of 50 prototype fuel elements was undertaken, as

mentioned previously,20 in order to determine the fabricability of the

design and to obtain a realistic estimate of the labor and component

costs. The first 25 fuel elements were fabricated in the Welding and

Brazing Laboratory of the Metallurgy Division. An end view of the fuel

element is shown in Fig. 4.21, and Fig. 4.22 shows the arrangement of

mid-plane spacers In a cutaway section of the graphite sleeve. The

components of the fuel element, shown In Fig. 4.23, were inspected prior

to assembly, and all closure welds were inspected by dye-penetrant, x-ray,

and mass-spectrometer helium leak tests prior to final assembly.

The approximate time that would be required in a pilot plant pro

duction run for each step of the assembly, exclusive of intermediate

setup and inspection time, is indicated below:

Time per
Element

(min)

Cleaning tubes 7

Preplacing alloy for brazing 28

Brazing 28

Welding bottom end caps 27

Loading fuel 7

Dry-box assembly and welding 35

Element assembly 30

162

It should be noted that excessive time is involved in the brazing alloy

preplacement operation. This operation can be simplified greatly by

preplacement of the alloy in the form of rings rather than as a powder

slurry. Vendors are currently being contacted to determine the avail

ability of rings of the GE No. 81 alloy selected for this use.

20"GCR Quar. Prog. Rep. Dec. 31, 1959," 0RNL-2888, pp. 84-90.
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done in the Welding and Brazing Specialty Shop of the Engineering and

Mechanical Division in order to obtain a better evaluation of typical

vendor techniques. A preliminary manufacturing procedure was prepared,

and the jigs and fixtures, along with the components for the remaining

25 elements, were transferred to the shop. All tubes were supplied with

the mid-plane spacers brazed in place, since induction brazing facilities

are not available in the Specialty Shop and studies of the induction-

brazing cycle are still under way.

Component Evaluation. Much of the developmental work on procedures

for the nondestructive evaluation of EGCR fuel element components has

been described previously. 20 The proposed inspection techniques have

been used for evaluation of a number of components and closure welds, and

a summary of the inspection results is presented here.

Fluorescent penetrant inspection was applied to 475 top caps, 574

bottom caps, and 598 helical spacers, and there were no rejections.

Some flaw indications were noted, but further evaluation proved the items

to be acceptable. Fluorescent penetrant Inspection was also applied to

95 top spiders and 56 bottom spiders. Two top spiders were rejected be

cause of the presence of crack-like indications. Further examinations

of these flaw Indications are in progress. Radiographic examination was

applied to all the spiders, and small amounts of acceptable porosity

were the only discontinuities detected.

Six hundred lengths of tubing were examined by eddy-current, pene

trant, resonance- and pulse-echo-ultrasonic, visual, and air-gage

techniques. Total rejection Included 99$ by eddy-current Inspection

(eventually waived), 2$ by penetrant inspection because of outer-surface

defects, 5$ by resonance-ultrasonic inspection for excessive wall thick

ness, and 4$ by air-gage inspection for inside-diameter variations in

excess of tolerance.

Penetrant inspections were made on 178 bottom closure welds and 142

top closure welds. After all flaw indications had been evaluated, none

of the welds were rejected. Radiographic inspections were also made on

the 178 bottom closure welds and 142 top closure welds. After full
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evaluation of all flaw indications, the only remaining discontinuities

were small, high-density inclusions in two of the bottom closure welds.

Helium leak tests were performed on 178 bottom closure welds and 113 of

the top closure welds. One top closure weld was rejected because of

helium leakage.

Graphite Sleeve Inspection. Eddy-current Inspections of graphite

sleeves for the assembly test of EGCR fuel elements were completed. These

Inspections were accomplished by spiral scanning along both the Inner

and outer surfaces of the sleeves with a small probe coll. The techniques

previously discussed,20 in which an encircling coil and a bobbin coil

were to be used, proved inadequate to detect all naturally occurring

defects. The reference standard for the inspection of the sleeves is

a milled notch 0.100 In. deep (10$ of the wall thickness). Any sleeve

producing a signal as large as the signal produced by the reference

standard was considered to be rejectable. Fifty sleeves from each of

three vendors were examined. Although the analysis of the data is in

complete, It appears that the rejection rate will be 80 to 90$ for sleeves

produced by two vendors and about 40$ for sleeves produced by the third.

Metallographic examination of the defective areas has indicated that

most of the defects are about twice as deep as indicated by the eddy-

current inspection. This is possibly due to most of the defects being

cracks that are oriented so that the deepest portion is not in the field

of the inspection coil when the coil is positioned over the crack at the

surface. Since the metallographic examinations have indicated that the

signal from a 0.100-in.-deep crack may be smaller than that produced by

the 0.100-in.-deep milled notch, it Is possible that some of the sleeves

considered to be acceptable contain cracks deeper than 0.100 in.

Brazing of Mid-Plane Spacers. Several commerlcally available high-

temperature brazing alloys were considered for use In brazing the mid

plane spacers to the fuel tubes. Since a high surface temperature is

anticipated adjacent to the spacer, the GE No. 81 alloy (66$ Nl—19$

Cr-10$ Si-4$ Fe-1$ Mnj mp, ~2050°F) was selected, as mentioned above.

The fillet of a tube-to-spacer joint which was furnace brazed with GE
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would be performed under shop conditions. Although accessibility for

welding is obviously limited by the close spacing specified in the design,

the production of satisfactory welds is feasible. The tube-to-adapter

fillet welds must necessarily be made in the field following welding of

the stainless steel plate to the carbon steel pressure shell. Again,

accessibility for welding is limited for the fillet weld, particularly

since welding in all positions is required, but the feasibility was

demonstrated in the BSD-2 mockup.

In order to confirm the specifications for fabrication and weld in

spection, a full-size mockup (BSD-3) of one quadrant of an EGCR burst-

slug-detection nozzle assembly Is being fabricated. A 1-in.-thick

stainless steel plate was rolled into a 2-ft-diam cylinder, and 30 tubes

will penetrate through it. Every effort is being made to simulate con

ditions to be expected in the construction of the actual EGCR components.

Thermocouple Penetrations. A procedure is also being developed

which appears to be applicable for extending the EGCR thermocouples through

the pressure shell. Two possible joint designs are illustrated in Fig. 4.30,

THERMOCOUPLE-TO-SLEEVE BRAZE-

(SHOP)

SLEEVE-TO-NOZZLE WELD-

(FIELD WELD)

NOZZLE-TO-PLATE BACK-BRAZE

(SHOP)

NOZZLE-TO-PLATE WELD '

(SHOP)

^THERMOCOUPLE

UNCLASSIFIED
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SAME AS (o)

ABOVE THIS POINT

-NOZZLE-TO-PLATE

WELD

Fig. 4.30. Possible Joint Designs for EGCR Thermocouple Penetrations.
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Adapter nozzles would be attached to the 1-in.-thick stainless steel

plate, and the thermocouples would be brazed to the sleeves under shop

conditions. The accessibility for welding the sleeve-to-nozzle fillet

weld would be limited, but a preliminary experiment has indicated the

feasibility of the 1 l/2-ln. center-to-center spacing specified in the

design.

Components for a full-size mockup are being machined to permit the

specification of fabrication and inspection procedures. If accessibility

for welding appears to pose a problem in the mockup, slight fanning of

the nozzles will be recommended.

Welding of Austenltlc to Stainless Steel

Quantities of type SA-212, grade-B, carbon steel and Croloy (2 l/4$

Cr—1$ Mo) plate are being obtained, and the welding procedure previously

developed22 for the joining of type 1020 carbon steel to stainless steel

will be applied to the joining of these materials to stainless steel.

The following combinations of filler metal and weld position have

been established for the metallic-arc process of joining type 1020 steel

to type 304 stainless steel:

Filler Metal Weld Position

INCO BP-85

Type 347 stainless steel
Type 310 stainless steel
INCO "A" electrode

2, 3, or 4 G

1 G

1 G

1 G

Welds made with these combinations have satisfactorily passed the ASME

Boiler and Pressure Vessel Code requirements. The INCO BP-85 electrode

appears to be especially promising because it can be deposited in all

positions, it is free from porosity, and it has an intermediate coefficient

of thermal expansion.

22"GCR Quar. Prog. Rep. Dec. 31, 1959," 0RNL-2888, p. 90.
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The fabrication of tubular weld specimens of dissimilar metals for

thermal-cycling studies has been initiated. The first group of speci

mens will include carbon steel-to-stainless steel joints, which will be

cycled between room temperature and 600 to 650°F. Subsequent groups of

specimens will include stainless steel-to-Croloy joints for cycling from

room temperature to 1050°F.

Beryllium Investigations

Reactions of Beryllium with CO2

The manometric method of rate determination is not suited to the

study of the reaction of CO2 with beryllium because CO is a product of

the reaction. Therefore a test system was prepared in which the change

in weight of the specimen is determined by measuring the deflection of

a calibrated spring from which the specimen Is suspended. Ordinarily

this method is not suitable for determining reaction rates of metals with

gases under conditions where the reaction rates are slight. In order to

overcome this difficulty, it was necessary to increase the surface area

of the beryllium specimen without increasing its weight above approximately

1 g. This was done by using -200 mesh beryllium powder with a surface area

of approximately 0.7 m2/g as the specimen.

The first test was run at 700° C with a C02 pressure of 1 a Hg. The

rate curve obtained under these conditions was parabolic, and it flattened

out after approximately 250 hr of exposure. After 500 hr of exposure at

a C02 pressure of 1 p. the weight gain was of the order of 0.1 mg/cm2 of

beryllium. X-ray diffraction analysis of the specimen after the test

showed the powder to consist of beryllium and BeO. Two additional tests

are being conducted at 850 and 1000°C to determine the effect of tempera

ture on the reaction. Preliminary results are similar to those of the

test at 700°C.

Methods of investigating the reaction of beryllium with CO are

being evaluated. A preliminary test at a pressure of 200 mm Hg has been

initiated in which the manometric method is being used. In addition,
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the effect of water vapor on the corrosion of beryllium in C02 is to be

investigated. Methods of generating small partial pressures of water

vapor by thermal decomposition of CaOH and other hydroxides are being

studied.

Compatibility Tests of Berylllum-NaK-Type 304 Stainless Steel Systems

Since the capsules designed for irradiation in ORR pool positions

incorporate NaK as a heat transfer medium, the compatibility of beryllium

with stainless steel in a NaK environment is being investigated.

Experimental assemblies consisting of a beryllium cylinder step-

machined to provide NaK annul! of 2, 5, 10, 15, 25, and 50 mils between

the cylinder and the type 304 stainless steel containment capsule have

been tested for 500 hr at 600, 700, and 800°C. A type 304 stainless

steel coupon (l/2 X 1 X l/8 in.) held In contact with a beryllium coupon

(l/2 X 1 X l/4 in.) was also Included in each test.

The inner surface of the stainless steel container used for the

test at 800°C is shown in Fig. 4.31, along with the beryllium content

of drillings from the surface at positions corresponding to the various

annuli. The transfer of beryllium through the NaK Increased with de

creased annulus thickness.

The weight changes that occurred in these tests are listed in

Table 4.11. The weight loss of the beryllium cylinder was most severe

at the highest test temperature. The data show that the weight loss

Table 4.11. Weight Changes of Components from Beryllium—Type
304 Stainless Steel-NaK (56-44 wt $) Compatibility Tests

Test
Weight Change (g/in 2)

Temperature

(°c)
Beryllium

Cylinder

Beryllium

Coupon
Type 304 Stainless

Steel Coupon

600

700

800

-0.66

-1.7

-6.2

Nil

-1.1

-7.1

Nil

+1.1

+7.9
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followed by boring; hot extrusion of rod, followed by boring; and hot

extrusion over a mandrel. To date, 67 ft of machined tubing has been

received.

An additional 500 ft of 0.300-in.-i.d., 0.040-in.-wall seamless

beryllium tubing has been ordered from the Chesterfield Tube Company,

Ltd., of Great Britain. None of this tubing has been received to date.

Another purchase order was negotiated with Chesterfield whereby technical

information on their latest and best methods for fabricating and testing

beryllium tubing will be made available through the Superior Tube Co.,

the United States representative of the Chesterfield Tube Co. This in

formation is being compiled into a technical report by personnel of the

Superior Tube Company.

In addition to the extruded and machined tubing, ten tubes fabri

cated from powder by isostatic hot pressing were purchased from the

Sylvania-Corning Nuclear Corporation for evaluation. These tubes were

0.400 In. in diameter, had 0.050-in.-thick walls, and were 6 in. long.

Work has also been Initiated on a development contract with Nuclear

Metals, Incorporated, for a study of the effect of extrusion parameters,

that is, speed, temperature, reduction ratio, and billet design, on the

quality and properties of the resultant tubing. All tubing fabricated

will be extruded directly to size within the range 0.300 to 0.750 in.

in outside diameter and 0.030 to 0.100 in. in wall thickness. To assist

in the evaluation, the Oak Ridge National Laboratory will receive samples

of each lot of tubing prepared.

Beryllium-Tubing Evaluation

Inspection of 67 pieces of machined beryllium tubing received from

the Brush Beryllium Company has begun. The pieces are each 1 ft long,

0.300 in. in inside diameter, and 0.040 in. in wall thickness. Radiographic

examinations have indicated that the tubing is of high quality. The only

defects noted were small amounts of high-density contamination near the

end of a few tubes and a few small wall thickness variations. Fluorescent

penetrant examination has revealed only a few tiny, shallow pinholes.
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This is in contrast to the very many pit-like defects observed in extruded

tubing.

Radiographic inspection of the ten isostatically pressed tubes showed

a film or coating of high-density material on the inner surface. Further

evaluation of this tubing has been deferred until the foreign material can

be removed by pickling.

Joining of Beryllium

The studies of beryllium-joining techniques are continuing. The

investigations include fusion welding, high-temperature brazing, diffusion

bonding, and upset welding. Techniques are being developed for fabri

cating components for various tests and for determining the suitability

of the techniques for joining beryllium tubing produced by the various

fabrication methods.

Welding. Experiments were conducted to determine the suitability of

electron-beam welding for the manufacture of beryllium tube-to-end cap

joints. One sample was prepared that consisted of machined QMV tubing

welded to a machined QMV end cap. Another sample consisted of an ex

truded tube (made by Nuclear Metals, Incorporated) welded to a machined

QMV end cap.

The tube-to-end cap edge weld produced on the QMV-to-QMV joint had

a good bead contour and was helium leaktight. Metallographic examination

revealed only minor porosity, as shown in Fig. 4.32. The sample con

taining the extruded tube did not weld satisfactorily; the end plug and

the tubing had different melting characteristics. Accelerated vaporization

of impurities in the base metal was observed during welding. In addition,

excessive porosity and cracking in the weld were noted upon metallographic

examination,,

Brazing. Preliminary melting point determinations have been made,

and base-metal-wettability tests have been conducted on 15 experimental

precious-metal-base brazing alloys by observing the behavior of samples

of crushed alloy on small beryllium pads at various temperatures. Six

alloys with melting points between 1000 and 1150°C showed good wetting

properties.
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the desired temperature are being studied for this application. The

alloys presently undergoing testing are 47$ Ti—47$ Zr-6$ Be, 46$ Ti-46$

Zr-4$ Be-4$ V, 45$ Ti-45$ Zr~10$ Fe, and 63$ Ti~27$ Fe~10$ Mo. All these

alloys flow well on beryllium, and brazed joints are being made for evalua

tion tests.

Diffusion Bonding. The diffusion-bonding studies are being conducted

with the use of the molybdenum jig described in a previous report.24 The

joints are being made under various conditions of time, temperature, and

environment. The results of the tests completed thus far are summarized

in Table 4.12. As shown by the comments in the table, leaktight joints

could be made in vacuum at 1100°C. When the temperature was raised to

1150°C, however, the joints were not leaktight. One joint which was made

24"GCR Quar. Prog. Rep. Sept. 30, 1957," 0RNL-2835, p. 100.

Table 4.12. Results of Diffusion Bonding Studies

Bonding Condit:ions
Test

No. Time

(hr)
Temperature

(°c)
Atmosphere

Comments

1 16 1000 Vacuum No grain coalescence,
joint leaked

2 24 1000 Vacuum No grain coalescence,
joint leaked

3 16 1000 Vacuum No grain coalescence,
joint leaked

4 2 1100 Vacuum Partial grain coalescence,
joint leaktight

5 4 1100 Vacuum Complete grain coalescence,
joint leaktight

6 2 1150 Vacuum Partial grain coalescence,
joint leaked

7 4 1150 Vacuum Complete grain coalescence,
joint leaked

8 2 1150 Helium Joint leaktight
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Table 4-. 13 Dimensional Changes and.Bend Test Data on Thermally Cyaled
Beryllium Specimens

Minimum Dimensional Changes3 (%) Bend Test

and Maximum

Thermal Cycling
Origin of
Specimen Fracture Fracture

Temperatures Width* Thickness** Length* Stress Deflection

(°C) (psi) (mils)

None Rod

Block

Unldirectionally
rolled sheet

Cross rolled

sheet

193 000

115 000

143 000

94 000

12

5

2.5

2

100-400 Rod 0.0 -1.0 -0.1 235 000 6.5

Block -0.1 +0.2 +0.3 124 000 5.5

Unldirectionally
rolled sheet 0.0 +1.0 -0.1 124 000 2.5

Cross rolled

sheet 0.0 -0.7 -0.1 98 000 2.5

400-700 Rod -0.1 -0.5 -0.1 193 000 15

Block -0.1 -0.3 -0.2 114 000 5.5

Unldirectionally
rolled sheet -0.1 +0.2 -0.1 2

Cross rolled

sheet -0.3 +0.1 -0.2 103 000 2.5

100-700 Rod 0.0 -0.1 -0.1 197 000 17

Block -0.1 -0.5 0.0 109 000 5

Unldirectionally
rolled sheet 0.0 -1.0 0.0 3

Cross rolled

sheet -0.1 -0.5 0.0 92 000 2

100-850 Rod -0.1 -0.2 -0.1 198 000 15

Block -0.5 -1.2 -0.3 125 000 6.5

Unldirectionally

rolled sheet 0.0 +0.5 -0.1 149 000 4.5

Cross rolled

sheet -0.1 0.0 0.0 83 000 2

*An error of ±0.1$ is applicable to the width and length values.

**An error of ±1.0$ is applicable to the thickness values.

where f is the stress concentration factor for the notch geometry (l.l),

P is the load at fracture, L is the distance between supports, w is the

width of the specimen, and h is the thickness of the specimen. The

stress calculated in this manner has little relationship to the stress-

strain characteristics of the material and is useful only for comparisons.

It may be seen from the bend-test data that thermal cycling has had no
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deleterious effect on the mechanical properties. The changes In the

mechanical behavior with changes in fabrication history are interesting

but unexplalnable at present.
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5. IN-PILE TESTING OF COMPONENTS AND MATERIALS

Fuel Element Irradiation Program

Full-Diameter Prototype EGCR Fuel Capsules

ORR Experiments. Irradiation of the eight full-diameter prototype

group II capsules is progressing with the desired cladding temperatures

having been obtained for all capsules by adjustment of the helium-nitrogen

thermal-barrier gas mixtures. Various mixtures have been required in the

0.012-in. gas annuli to adjust for flux variations and to achieve uniform

temperatures. For the capsules operating at 1300°F, the nitrogen content

of the gas has been varied from 8 to 30$; for the capsules operating at

1600°F, the nitrogen content has been varied from 20 to 58fo. Twenty con

trolled thermal cycles consisting of a temperature decrease of about

750°F were applied to capsules 03-2 through 08-2 to complete the controlled

thermal cycles planned for this group of capsules until just before re

moval from the reactor, at which time 20 more thermal cycles will be ap

plied.

Evidence that the thermal-barrier gas mixture undergoes thermal dif

fusive separation is more pronounced than it was for the group I capsules.

Changes in the configuration of the spacers in the annulus or the in

creased spacing may be responsible for the greater separation of the con

stituents of the gas. With each operation that is capable of disturbing

the gas mixture within the capsule, a predictable temperature shift occurs.

It is postulated that the gas mixture separates into a vertical gradient

along the capsule, with the helium enriching at the top. Since there is

appreciable space at the bottom, the heat transfer annulus gas Is also

slightly enriched in helium. When a new gas mixture is admitted at the

top, the first effect is to push the small amount of gas that is more

highly enriched in helium past the capsule and thus to produce a slight

temperature depression. Following this, the original,, unseparated gas

mixture in the line enters and causes the temperature to rise 100 to 150°F.

When the new mixture arrives, the temperature shifts upward or downward
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according to the change being made in the nitrogen content of the gas.

When the flow of new gas is stopped, the temperature drifts down about

150°F, in approximately 30 min, as the separation gradient for the new

mixture reaches equilibrium. Since these adjustments produce undesired

thermal changes, it is planned to hold them to a minimum. Although the

gas separation effect is greater than for the group I capsules, the new

gas flow arrangement facilitates more rapid and orderly temperature ad

justments, and the total number of unscheduled thermal cycles has been

greatly reduced.

The operating temperatures recorded on March 3, 1960, and the esti

mated total burnup through February 21, 1960, are given in Table 5.1.

Estimated total burnups for the group I capsules, based on measure

ments of the thermocouple harness monitors, are presented in Table 5.2,

along with new estimates calculated from the design perturbed flux for

comparison. The values for total burnup of the group I capsules reported

Table 5.1. Temperature and Burnup Data for the Group II
Capsules Being Irradiated in the ORR

Nitrogen

Capsule in Gas

No. Mixture

($)

01-2 17

02-2 40

03-2 19.5

04-2 8.5

05-2 20

06-2 44

07-2 30

08-2 58

Capsule Temperature (°F)
Estimated

Total

Design

1300 ± 50, average
1600 (+0,-50), high
1300 ± 50, average
1300 ± 50, average
1600 (+0,-50), high
1600 (+0,-50), high
1300 ± 50, average
1600 (+0,-50), high

High Low

a
Burnup

Average /,. ,/,„\
& (Mwd/MT)

1368 990 ,

1230

1303 910

1580 1455 930

1340 930b 1286 960

1360 975b 1298 960

1600 1385 1476 980

1570 1400 1487 930

1400 1190 1258 630

1550 1373 1467 680

i3urnup is based on an accumulated reactor power generation of
30 817 Mwhr as of February 21, 1960.

Specially placed thermocouples l/4 in. from the ends of the pellet
stacks in capsules 01-2 through 04-2 are indicating these low temperatures.
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Table 5.2. Total Burnup Estimates for Group I Capsules

Total Burnup Estimate*
(Mwd/MT of U02)

Capsule Based on

No. Thermocouple Based on

Harness Flux Preirradiatlon

Monitors in Flux Measurements

Capsules

01 1680 1880

02 1840 1900

03 1530 2130

04 2380 2430

05 3030 2370

06 1880 1960

07 980 1520

08 950 1310

*These estimates of total burnup are based
on a nuclear reaction energy of 200 Mev/fission.

previously1 were estimated on the basis of 176 Mev/fission as the nuclear

reaction energy rate, and gamma heating from external sources was In

cluded. The new values presented in Table 5.2 are based on the 200

Mev/fission and do not include gamma heating from external sources ex

cept as it results from secondary reactions of the specimen fissions.

ETR Experiments. Irradiation of the ten full-diameter prototype fuel

capsules in the ETR has continued satisfactorily, although the reactor

operating schedule has been somewhat limited. As Indicated in Table 5 .3,

the operating temperatures are generally satisfactory, but the heat

generation rates have been lower than desired. Accordingly, reactor flux

mapping is in progress as a step toward locating the capsules in more

favorable irradiation positions. The goal Is to achieve heat generation

rates of approximately 35 000 Btu/hr*lin ft and to operate capsules E-3,
E-8, and E-10 at 1600°F.

i»GCR Quar. Prog. Rep. Dec. 31, 1959," QRNL-2888, p. 99.
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Table 5.3. Typical Operating Temperatures for the Full-Diameter
Prototype EGCR Fuel Capsules Being Irradiated in the ETR

Capsule
Capsule Temperature (°F)

Estimated

Total

No.
Design Highest Lowest Average

Burnupa
(Mwd/MT)

E-lb 1300 1293 1250 1273 1005

E-lAb 1300 1330 1215 1273 664

E-2° 1300 1327 1078 1246 34

E-3 1300-1600d 1320 1092 1270 33

E-4 1300 1353 1250 1304 664

E-5 1300 1100 1065 1080 734

E-6 1300 1160 1075 1125 765

E-7 1300 1310 1195 1258 777

E-8 1300--1600d 1340 1141 1265 56

E-9 1300 1292 1226 1267 961

E-10 1300--1600d 1332 1212 1275 57

ihese estimates of total burnup are based on 200 Mev/fission
as the nuclear reaction energy and were calculated as of January 10,
1960.

Capsule withdrawn October 19, 1959; the temperature readings
were taken on October 13, 1959, with the reactor operating at 175
Mw; the total burnup given Is the final calculated value.

The temperature readings for capsules E-2 through E-10 were
taken on January 5, 1960 with the reactor operating at 175 Mw.

uJhe test specifications call for an increase in the maximum
design temperature to 1600°F late in March 1960.

Miniature Capsule Fission-Gas-Release Experiments

Three new capsules with depleted U02 insulating bushings have been

assembled and are being irradiated. The design of these new ceramic-

insulated capsules Is compared in Fig. 5.1 with the design of the gas-

insulated capsules used previously. In the gas-insulated capsule a

large temperature drop occurred through a small, 0.001 to 0.004 In.,

radial gap filled with argon gas, and the gap dimensions and gas content

were subject to continuous change as the fuel specimens fractured and/or
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fission gas was released. In the new capsules, a cylindrical depleted

U02 bushing that has a low thermal conductivity provides a high thermal

resistance between the fuel and the metal container. The ceramic cylinder

is fabricated to close tolerances so that the radial gaps are small, and

the capsule is filled with high-purity dry helium; thus, the contribution

of gas gaps to the total temperature drop Is minimized.

The central void temperatures in the capsules are measured with

tungsten-rhenium thermocouples. The drifts of some of the thermocouples

in the gas-insulated and ceramic-insulated capsules are compared in

Figs. 5.2 and 5.3. The maximum scatter of the central void temperatures

measured at random in the ceramic-insulated capsules was about ±2$. This

is considered very good accuracy, since the readout instrument and lead

wire have guaranteed accuracies of only ±1$.

Data on completed and currently operating fission-gas-release ex

periments are presented in Table 5.4. As indicated by the absence of

changes in central fuel temperatures for conditions of constant heat

rates, the thermal conductivity of U02 does not appear to change with

thermal neutron doses between 3 x 1016 and 4 x 1020 neutrons/cm2•sec.

Table 5.4. Data on Completed and Currently Operating
Fission-Gas-Release Experiments

Central U02
Experimental U02 Density U02 Temperature (°F)

Date Date
Assembly

No.

($ of
theoretical)

Enrichment

($ U235) a

Capsule
b

Capsule

Installed Removed

L-7abx 95 20 -K- 2950 9-22-59 2-9-60

L-llab 85 20 2460 2850 7-7-59 2-9-60

L-22ab 95 10 1400 1600 11-10-59

L-23ab** 95 15 2750 2800 12-8-59

L-24ab** 95 20 2625 3125 12-15-59

L-25ab** 95 20 2150 2500 2-10-60

^Thermocouple failed during initial heatup.

**Ceramic-insulated capsules.

153



3500

3000

2500

2000

1500

1000

UNCLASSIFIED
ORNL-LR-DWG 40465R

5 10 15 20

TIME IN OPERATION (days)

25

Fig. 5.2. Changes in Temperature Indications of Tungsten-Rhenium
Thermocouples as a Function of Time In Gas-Insulated Capsules

3500

3000

2500
LU
or

fe
cr

2000

1500

1000

UNCLASSIFIED
ORNL-LR-DWG 46087

r_ .•" •* • • , « . *~«

—•-»-»!—*-»-. |... *-.—^^-^
•- • •-»

10 15 20

TIME IN OPERATION (days)

25 30

Fig. 5.3. Changes in Temperature Indications of Tungsten-Rhenium
Thermocouples as a Function of Time in Ceramic-Insulated Capsules.

154



\

Advanced Fuel Element Testing

The 0RNL-MTR-48-1 test of two graphite-clad UC2-graphite matrix

fuel elements was terminated on January 25, 1960. The capsule containing

the elements was irradiated during MTR cycles 130 through 133 in the

HB-3 beam hole. Except for a loss of one thermocouple, the equipment

operated smoothly. The double containment vessel with the fuel elements

inside was returned to ORNL for postirradiation examination.

Prior to irradiation, the two fuel elements were assembled in the

double containment vessel with a 3 l/2-in. axial distance between the

centers of each fuel element matrix. The "A" matrix, which was nearest

to the reactor core, was manually adjustable between 5 l/8 and 12 l/2

in. axially from the inside surface of the end plate of the beam hole

liner. The position of the fuel element was adjusted during irradiation

as necessary to compensate for changes in the thermal neutron flux

profile and in U235 concentration due to burnup. The position was

determined to be correct when the hottest thermocouple in the wall of

the graphite capsule read 1600 ± 50°F.

The capsule wall temperature for each element was taken to be the

average at three thermocouple junctions located 120 deg apart, at the

midpoint of the graphite wall, and In a plane perpendicular to each

fueled graphite matrix axis at its center. The average temperature for

each element and the position of the A element are shown in Fig. 5.4.

These temperatures were unaffected by the temperature of the coolant

water, which varied between 105 and 115°F.

Once during each of five different MTR core loadings, the capsule

was pulled out of the reactor as far as possible and then reinserted in

l/2-in. steps until the normal operating position was reached. After

each step the capsule wall temperature readings were recorded. The

average wall temperatures computed from these data are plotted in

Fig. 5.5.

Pre irradiation data and design operating conditions for each element

were presented previously,2 and estimates of the test parameters based

2" GCR Quar. Prog. Rep. Dec. 31,, 1959," 0RNL-2888, p. 107.
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on the preIrradiation data, the operating temperatures, and time at a

reactor power level of 40 Mw are presented in Table 5.5.

The thermal neutron flux was computed from the heat flux based on

the temperature differential between the thermocouples In the fuel

cladding and in the cooling water and the thermal conductivities of the

graphite, gas gap, and metal wall. An approximate correction was made

for gamma heating based on a previous experiment in the HB-3 beam hole.

The resulting values of flux as a function of position are shown in

Fig. 5.6.

Examination of Irradiated Capsules

ORR- and ETR-Irradiated Full-Diameter Capsules

The first eight ORR-Irradiated prototype capsules are shown in

Fig. 5.7 after being removed from the NaK container and cleaned. There
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Table 5.5. ORNL-MTR-48-1 Fuel Element Test Parameters
Estimated from Operating Data

Test Parameters

Test duration (mtR at 40 Mw), hr

Graphite capsule wall temperature less
coolant water temperature (llO°F), °F

Design

Value for B element when A element was

at design point

Average operating value

Thermal neutron flux, neutrons/cm2.sec

Design

Value for B element when A element was

at design point

Average operating value

Weight of fueled graphite, g

Weight of UC , g

U235 content (93.12$ enrichment), wt $

U235 concentration, g/cm3

U235 concentration, atoms/cm3

Fission power density, w/cm2

Design

Value for B element when A element was

at design point

Average operating value

U235 atoms fissioned, atoms/cm3

U235 atoms fissioned based on average
power, $

Burnup of fueled graphite matrix, Mwd/MT

Burnup of U235, Mwd/MT
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Fuel Element

A

1446

1392

Fuel Element

1446

1467

1205

1450 1240

4.6 X TO13 2.6 X 1013

2.1 X 1013

4.8 x 1013 2.2 X 1013

35.41 37.84

10.52 19.33

8.89 16.33

0.1677 0.3295

42.9 x 1019 84.3 x 1019

270 300

242

282 254

5.24 x 10 19 4.72 x 1019

12.2 5.6

8970 7560

101 000 46 300
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Fig. 5.6. Thermal Neutron Flux Versus Axial Distance of Fueled
Matrix Centers from HB-3 Beam Hole End Plate (ORNL-MTR-48, Capsule Test 1,
MTR Cycles 130-133) .

was no visible evidence of significant distortion. Postirradiation di

ameter and profile measurements also showed little change. Typical di

mensions are given in Fig. 5.8 for capsule 0-1. Gamma radioactivity

scans were taken by slowly raising the pellet can past a l/l6-in. slit

in a lead shield containing a proportional counter. The counter consisted

of an ion chamber connected to a DD-2 amplifier and the linear count-rate

meter driving a recorder. The relative values of the radioactivity of

the 0-1 capsule thus obtained are also indicated in Fig. 5.8.

A summary of the data obtained in examinations of the eight ORR

capsules and one ETR capsule is presented in Table 5.6. The fission-

gas release values were calculated from pressure measurements on the

four capsules containing hollow pellets. Uncertainties in the central

pellet temperatures may account for the spread in the data. ~-<

Measurements of Fission-Gas Pressure at EGCR Operating Temperature

Since iodine and cesium and their compounds have boiling points that

are near the temperature at which the cladding of the EGCR fuel elements
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will operate, it Is necessary to find out whether these fission products

will make a significant contribution to the over-all pressure buildup

in the fuel elements. A postirradiation pressure measurement at the

EGCR operating temperature is therefore planned for the remaining ORR

capsules 0-4, 0-6, 0-7, and 0-8. The apparatus for making the pressure

measurement is shown in Fig. 5.9. The capsule container is equipped

with a piercing device and a pressure transducer, and the entire apparatus

can be placed In the furnace.

One test assembly has been completed and tested; all parts functioned

satisfactorily. The tapered plug had a leakage of less than 1 x lO""4

standard cubic centimeters of helium with a differential pressure of

1 atm at 1650°F after being previously tested at the same temperature,

disassembled, and reassembled. The piercing needle pierced l/32-in.-

thick stainless steel four times after being brazed at 2000°F. The

pressure transducer drifted less than 0.1 psi from room temperature to
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1650°F. Four more pressure-measuring chambers are nearly completed and

will be used for making the pressure measurements on the ORR capsules.

Table 5.6. Data Obtained in Postirradiation Examinations of Eight ORR-Irradiated
Capsules and One ETR-Irradiated Capsule

Capsule
Cladding

Temperature

(°F)

Burnup

(Mwd/MT)
Type of

Pellet

Average Capsul

(in.)
e Diameter Internal

Capsule

Pressure

at 86°F

Fis s ion-

Gas

No.
Before After

Evolution

Irradiation Irradiation (mm Hg)

0-1 1300 1760 Hollow 0.7532 0.7525 790 9.3

0-2 1600 1910 Hollow 0.7528 0.7494 830 11.6

0-3 1300 1640 Hollow 0.7530 0.7539 790 10.2

0-4 1300 2510 Bushing 0.7520 0.7526 c

0-5 1600 3260 Hollow 0.7522 0.7504 900 8.1

0-6 1600 1980 Bushing 0.7525 0.7501 c

0-7 1300 1100 Solid 0.7526 0.7527 c

0-3 1600 1050 Solid 0.7528 0.7525 c

E-l 1300 1000 Solid 0.7530 0.7552

Calculated from neutron activation of thermocouple hand.

Preirradiation pressure assumed to he 690 mm Hg on the basis of measurements on dummy cap
sules.

cCapsule to be used later for temperature versus pressure experiments.

Fig. 5.9. Apparatus for High-Temperature Measurements of Fission-
Gas Pressure in Irradiated Capsules.
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LITR-Irradiated Miniature Capsules

Experimental assemblies L-7x and L-ll were withdrawn from the LITR

on February 9 and disassembled in the ORR hot cell. The capsules were

pierced for fission-gas sampling and then placed in temporary storage.

The fission-gas sample Is being analyzed, and measurements are to be

made of the densities of the UO2 pellets.

Measurements of postirradiation densities that were made during

the quarter are compared in Table 5.7 with preirradiation values.

Fission-gas evolution data obtained during the quarter from samples

taken previously are summarized in Table 5.8.

It was mentioned previously that, when capsule L-8a was examined,

extensive damage of the thermocouple was noted. Further examination has

revealed that the tantalum sheath on the thermocouple had disintegrated,

as shown in Fig. 5.10. Such bursting of the sheath and exposure of the

rhenium-tungsten junction is typical of the experience with high-

temperature irradiations.

Table 5.7. U02 Density Data

Pellet Density Before Irradiation
Pellet Immersion

Capsule
No.

Bulk Density

(% of
theoretical)

Bulk Density
(g/cm3)

Immersion

Density
(g/cm3)

Density After
Irradiation

(g/cm3)

L-3a 75.00 8.23 10.66 10.6

L-3b 74.87 8.21 10.66 10.4
L-8a 84.58 9.28 10.19 10.1

L-8b 85.01 9.33 10.18 10.3

L-13a 93.68 10.28 10.60 10.7
L-13b 92.07 10.19 10.60 10.7
L-17a 93.69 10.28 10.43 10.5

L-17b 93.80 10.29 10.38 10.5

L-I8a 84.91 9.32 10.35 10.4
L-I8b 85.19 9.35 10.40 10.5

J
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thermocouples, no conclusions could be drawn from the profile measure

ments except that the capsules were all more or less warped. Diameter

measurements were made on each capsule at l/2-in. intervals along the

lengthy and each measurement was repeated at a 45-deg rotation, that is,

measurements were made at 0, 45, 90, and 135 deg. Thus there were 56

diameter measurements made on each capsule both before and after irradi

ation. Although the capsules were warped and the range of diameters

changed during irradiation, it was expected that the average diameter

remained unchanged. The range of diameters and the average of the 56

measurements are given in Table 5.9. The largest change Is a 0.0037-in.

decrease in the diameter of capsule 3 of stringer 1-4. The irradiation

history of these stringers is summarized in Table 5.10, and a detailed

history of the experiments has been published.3

Gamma-activity scans of the stringers were made by moving them past

a slit in a lead shield and measuring the activity as a function of dis

tance along the stringer. The activity along the stringer was expected

to be proportional to the burnup, and the activity profiles of stringers

1-2, 1-3, 1-4, and 1-5 showed normal flux curves. Capsule 3 (bottom) of

stringer 1-1, however, showed a possible redistribution of the fuel

(see Fig. 5.11). This capsule and capsule 3 from stringer 1-3 were

punctured for fission-gas release, and no significant pressure increases

were measured. The fission gas was analyzed for Xe133 and Kr85, and,

on the basis of 0.06$ release of Kir85, the burnup was 0.1$. This burnup

value agrees with that obtained from the flux monitor for this capsule,

and, since the amount of gas release was insignificant, no other capsules

were sampled for fission gas.

Capsule 3 of stringer 1-1 was impregnated with plastic and sectioned

to ascertain the cause of the peak in the gamma-activity profile.

Although the fuel did not appear to be fractured in an abnormal manner,

some fuel was present in the form of large fragments In the central

cavity of the element (see Fig. 5.12). For comparison, capsule 3 of

3"GCPR-Prototype Fuel Irradiation Program Progress Report No. 15,
October 18, 1959 to November 18, 1959," GEAP-3350.
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Table 5.9. Comparison of Pre- and Postirradiation Dimensions

of Capsules Irradiated in Stringers in the GETR

Capsule Diameter (in.)

Capsule

No.
Before Irradiation After Irradiation

Minimum Maximum Average Minimum Maximum Average

Stringer 1-1

1 (top) 0.532 0.534 0.5328 0.5298 0.5348 0.5325

2 (middle) 0.532 0.533 0.5327 0.5290 0.5349 0.5319

3 (bottom) 0.532 0.533 0.5329

Stringer 1-2

0.5270 0.5357 0.5320

1 0.532 0.534 0.5327 0.5312 0.5356 0.5331

2 0.532 0.534 0.5327 0.5273 0.5527 0.5325

3 0.532 0.534 0.5329

Stringer 1-3

0.5191 0.5671 0.5339

1 0.532 0.535 0.5329 0.5292 0.5356 0.5332

2 0.532 0.534 0.5329 0.5200 0.5373 0.5304
3 0.532 0.534 0.5331

Stringer 1-4

0.5276 0.5359 0.5306

1 0.532 0.534 0.5328 0.5282 0.5338 0.5311

2 0.532 0.534 0.5330 0.5247 0.5359 0.5295
3 0.532 0.534 0.5328

Stringer 1-5

0.5219 0.5355 0.5291

1 0.532 0.534 0.5331 0.5315 0.5338 0.5328
2 0.533 0.535 0.5331 0.5283 0.5380 0.5314
3 0.532 0.534 0.5330 0.5274 0.5354 0.5306

stringer 1-4 was impregnated with plastic and sectioned (see Fig. 5.13).

Radial cracks are clearly visible, but the fuel did not move.

All the capsules were slit open, and the fuel was removed. Typical

pellets are shown in Figs. 5.14 and 5.15. Fractures in the U02 were

imprinted on the interior of the cladding, as shown in Fig. 5.16. The

reason for the appearance of the markings is not known. Since the crack

imprints have the same intensity as the imprints of the gaps between
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Table 5.10. History of Irradiation of Stringers in GETR

Stringer

Irradiation

(1959)
Period Approximate

Operating

Temperatures

(°F)

Capsule
No.

1

2

3

Uranium

Burnup

Inserted Removed {%)

1-1 May 11 October 16 700-800 0.007

0.010

0.023

1-2 May 14 October 16 700-1000 1

2

3

0.014

0.028

0.064

1-3 May 4 October 16 700-900 1

2

3

Unknown

0.050

0.080

1-4 May 4 November 5 600-800 1

2

3

0.026

0.048

0.113

1-5 October 11 November 5 800-1000 1

2

3

0.014

0.030

0.051

pellets, it appears that the cracks occurred suddenly and did not progress

with time. Because of the low burnup, no density measurements were made

on the U02, and the stainless steel cans were not examined metal-

lographically.

Instantaneous Fission-Gas-Release Experiment

Fission-Gas-Release Measurements

The experimental assembly now being irradiated in the ORR contains

two thin plates of high-density U02 with thermocouples sandwiched between

them and on the outer surfaces. The assembly is air-cooled, and the

fission power is varied by inserting or withdrawing the assembly from

the reactor lattice. Helium is passed over the fuel to entrain released

fission gases. The experimental apparatus and procedures are described

in detail in previous reports in this series. Modifications were being
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made to the ORR offgas system during the period from December to February,

and consequently only a few weeks operation has been possible this quarter,

The activity which reaches the counter of the experimental system

is from three main sources: (l) fission gases, primarily xenon and

krypton, that are evolved from the fuel during irradiation (a filter

removes nongaseous products before they reach the counter tube);

(2) daughter products that form after the gases pass through the filters

and which plate the inside of the counter tube; (3) xenon formed from

iodine which evolved from the fuel and plated somewhere along the line

before reaching the counter tube. Typical spectra obtained with a 200-

channel analyzer are shown In Fig. 5.17.

10"

10-

£ 5

10'

10

A FLOWING GAS

B PURGED TUBE, PLATED COUNTER TUBE ONLY-

C SAMPLE WITH DRAWN, PLATED COUNTER ~

TUBE + Xe FROM PLATED SWEEP GAS LINE "

0.6 0.8

GAMMA ENERGY (Mev)

UNCLASSIFIED

ORNL-LR-DWG 47120

Fig. 5.17. Typical Fission-Gas Spectra Obtained in Instantaneous
Fission-Gas-Release Experiment.
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Curve A Is a combination of all three sources. Curve B is from the

second source only. This measurement is obtained by diverting the fission

gas from the counter tube and then blowing the counter tube clear of

radioactive gas with a blast of helium. The activity that still persists

is from material plated In the counter tube. Curve C is a combination

of sources 2 and 3. The data were obtained by withdrawing the fuel from

the neutron flux and sweeping the carrier helium over the relatively

cold specimen. Curve C was taken 45 min after curve B, so the background

from the plated material of source 2 had decayed. Curve B was obtained

2 min after curve A.

Surface area measurements of the U02 plates (which have a density

of about 97$ of theoretical) were made with the use of krypton gas under

pressure. The measurements indicated that the BET surface area is ap

proximately twice the geometric surface area. In this case, the

equivalent-sphere model Is not particularly good for evaluating diffusion

constants. Therefore the following "flat-plate model" time-dependent

solution developed-by Litz* for evolution of gaseous fission products

from a thin plate was used in analyzing the data:

where

2 .
T = - {tanh

n ., , /Tm\ L » / J

1+(^)

T = fractional release rate,

A = a(A/D)1/2, dimensionless parameter,

a = plate thickness, cm,

A = decay constant of species, sec"1,

D = diffusion constant, cm2/sec,

(i)

^L. M. Litz, "Diffusion Equation for Radioactive Species in Thin-
Plate Nuclear Reactors," p. 8, LRL-97 (March 1954).
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T = At, a dimensionless parameter,

t = time of irradiation, sec,

n = odd integers from 1 to °°.

The fractional release rate, T, was evaluated from Eq. (l) for values of

A from 10"3 to 10~4 and values of At from 10"3 to 10. It was found that

T behaves as follows:

T = 1 , for A < 0.01 and \t > 10"3
f

2 V2T « - E(x.t) , for A > 10 and At ^ 10"3 ,

where

, o .(At)1/2 2
E(At)V2=|/ e"x dx

o

and may be evaluated from the tables of Jahnke and Emde,5 and

T«| for A»10 and At ^3

The diffusion constants were then calculated on the basis that At

was greater than 3, that is, greater than four half-lives, and that

A > 10; thus

D=̂ AT2 .

The calculated diffusion constants of the various isotopes, with the ex

ception of that for Xe135K1 (the shortest lived isotope of those measured),

5E. Jahnke and F. Emde, "Tables of Functions with Formulae and
Curves," 4th ed., p. 24, Dover, 1954.
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were reasonably consistent, and hence they support the thesis that xenon

and krypton have diffusion constants of the same order of magnitude.

The various dynamic gaseous fission-product yields and the calcu

lated diffusion constants are presented in Table 5.11. The yields are

based on "grab" samples taken during various runs. The data for a

maximum plate temperature of 1945°F are the average of two measurements

made two days apart under the same operating conditions. The individual

results agreed to within 10$. The operating conditions under which the

Table 5.11. Dynamic Fission-Gas Yields and Calculated Diffusion
Coefficients Based on the Flat-Plate Model

Maximum U02

Plate

Temperature

(°F)

1945

1890

Temperature

Difference Isotope

Across Plate Released

(°F)

195

200

87
Kr

Kr£

133

135

135m

138

Xe

Xe

Xe

Xe

Kr'

Kr?

133

135

135m

138

Xe

Xe

Xe

Xe

Fraction Calculated Diffusion

Released Constant (cm2/sec)

X 10"4

3.5 4.1 X 10~15
8.4 10.8 X 10-^

7.4 X
10-15 average Kr

30.3 3.1 X lO"15
9.8 4.5 X 10-^
5.4 4.7 X

10-14

2.3 7.8 X 10-^

15.5 X lO"15 average Xe

5.2 X io-Xi average Xe

exclusive of Xe135m

2.7 2.3 X 10-15
4.6 3.3 X 10-^

2.9 X lO"15 average Kr

20.0 1.3 X 10-15
6.5 2.0 X ]0-15
4.2 2.8 X

10-14

1.0 1.5 X 10-^

10.9 X 10"15 average Xe
1.6 x 10~15 average Xe
exclusive of Xe135m
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measurements were made for a maximum plate temperature of 1890°F were

the same as for the measurements with a plate temperature of 1945°F, ex

cept for lower temperatures obtained by increased cooling.

Equipment Modifications

The gas-sampling system has been modified to avoid the complexities

of backgrounds and short-lived compoents. A hypodermic needle with a

three-way valve was Installed in the gas line so that with a vaccine

bottle pushed onto the needle the bottom may be evacuated and then filled

with the active gas. The rubber stopper in the vaccine bottle seals

gastight against the needle and remains leaktight when the needle Is

removed. The gas in the bottle is at a negative pressure at all times.

After a short decay period, the gas in the bottle is analyzed for xenon

and krypton.

U02 Thermal Conductivity Determinations

An inside and an outside thermocouple were connected for use as a

differential couple with the voltage measured by a precision potenti

ometer, and the first several days of operation after the two-month

shutdown period were devoted to thermal conductivity measurements. It

was at once obvious that the temperature relations had changed from

those existing before shutdown. Moreover it was noted that the relative

temperatures were varying, that is, changing in abrupt steps and with

always increasing temperature differentials.

From a study of these temperature relations it appears that one of

the two plates had cracked and moved away from the thermocouple and that

the other plate has retained its original position. No further thermal-

conductivity measurements can be made on this sample. The plate either

cracked during shutdown or during a low-power startup. The reason for

the cracking is not known.
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Radiation Effects on Structural Metals

Steel

Tests on the annealing of radiation-induced hardening as a function

of annealing time are in progress, and specimen steels have been obtained

to conduct an extensive study of irradiation temperature and neutron

flux effects. Specimen preparation is now under way.

Irradiation experiment components used previously in the ORR pool-

side facility did not permit the exposure of an adequate number of speci

mens at uniform temperatures and neutron fluxes. Improved components

are being developed, and mockup tests on these components are now being

conducted.

Beryllium

As discussed previously,6 a program has been established for

determining the effect of neutron irradiation on the creep strength and

permeability of beryllium. Specimen preparation for the high-temperature

and low-temperature beryllium irradiation experiments has been completed,

and analysis of preirradiation measurements is almost complete. The

types of specimens that are being irradiated in both the high-temperature

and low-temperature experiments are shown in Fig. 5.18. Notches were

machined In the specimens to force the fracture, upon bend testing, to

occur at the position of the notch so that the pieces may be used for

subsequent experiments. The effects of the degree and type of preferred

orientation on the properties of beryllium under Irradiation are being

investigated in both experiments by including specimens machined from

hot-pressed block, extruded rod, unldirectionally rolled sheet, and

cross-rolled sheet.

The specimens were annealed for 2 hr at 800 and 1100°C in order

to vary the grain size. It was found, however, that these heat treatments

produced recrystallization and that little grain growth occurred. In an

6"GCR Quar. Prog. Rep. Dec. 31, 1959," 0RNL-2888, pp. 127-133.
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Fig. 5.18. Design of Beryllium Irradiation Test Specimens.

effort to produce a coarser grain size, a specimen was annealed at

1200°C, but, again, only a small amount of grain growth occurred. This

inability to coarsen the grain size can probably be attributed to the

oxide network around the original powder particles from which the

beryllium was produced. The annealing treatment at 1100°C was chosen

therefore because of the experimental difficulties encountered at higher

temperatures and because it appeared that annealing at a higher tempera

ture would not result in further grain coarsening.

Prior to operating creep experiments, it was necessary to determine

the amount of helium gas that would be produced In the beryllium by the

(n,a) and (n,2n) reactions and to study the mobility of the gas and the

void formation in the metal as a function of crystal orientation, grain

size, section thickness, and temperature. Two experimental assemblies

have been installed In the ORR for the gas-evolution studies. One

assembly, which contains 55 beryllium specimens mounted in an aluminum

holder, was placed In core positon B-2. The specimens are cooled by

reactor water with a maximum temperature of 130°F. The beryllium speci

mens mounted in the cooling channels of three aluminum plates and the

exposure can which holds the plates and specimens after assembly may

be seen In Figs. 5.19 and 5.20. The fourth plate shown in Fig. 5.19 is

a blank, cover plate. The four plates are bolted together and fitted
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Inconel

A program for investigating the effect of fast-neutron bombardment on

the creep properties of Inconel has been under way for some time as part

of another study. The program has consisted of tube-burst-type stress-

rupture tests in the LITR, MTR, and ORR. Details of the construction

and operation of the experimental assembly and the data obtained have

been reported.7,8 A plot of stress versus the log of the time to

rupture for irradiated and unirradiated specimens of the same heat

tested in air at 1500°F is reproduced in Fig. 5.22 from the data reported
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Fig. 5.22. Stress Versus Time to Rupture for Inconel in Air at
1500°F.
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previously. The data obtained in more recent experiments are presented

in Table 5.12.

An explanation for the shorter time to rupture under irradiation

has been postulated.8 Briefly, the hypothesis is that helium is being

formed in the metal during irradiation by the neutron reaction B10(n,Q!)Li7

7"Solid State Div. Ann. Prog. Rep. Aug. 31, 1958," ORNL-2614, pp. 106-08.

8"Solid State Div. Ann. Prog. Rep. Aug. 31, 1959," 0RNL-2829, pp. 214-18.

Table 5.12. Effect of Neutron Bombardment in the ORR

on the Time to Rupture of Inconel at 1500°F in Air

Specimen No. Stress (psi)
Time to Rupture

(hr)

Heat No. la
5000b9-4 117

11-5 5000° 173,.
73d11-6 5000

11-7 5000° 141

11-8 5000 91

Heat No. 2

7-5 4000 113e
7-6 4000 62

9-3 4000 18

14-1 5000 66

14-5 5000 70

14-1C 4000 36

neat No. 1 is the material on which all previous

data were obtained at the MTR and ORR; heat No. 2 is

material of CX-900 quality which has passed nondestructive
tests and has been approved for construction.

Stress applied in the absence of irradiation after

approximately 1000 hr of irradiation at 1500°F.

Stress applied 48 hr before irradiation began.

Excessive irradiation temperature suspected.
g

Specimen ruptured during a high-temperature ex

cursion.
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and that the gas accumulates and creates voids in the grain boundaries

which weaken the metal. In order to test this theory of failure, some

of the Inconel specimens were Irradiated for various periods of time

at 1500°F prior to application of the stress. Other specimens were

stressed for brief periods before irradiation began. In all the tests

thus far, no major difference has been observed, that Is, the time to

rupture was about the same in all the in-pile tests. Another means of

studying the mechanism of failure is to test other heats of Inconel.

Therefore, tests on a second heat were begun. The results have thus

far been inconsistent, but the times to rupture have all been less

than for the first heat.

A number of experimental heats of Inconel are now available in

which the boron content and the B10 enrichment have been varied. These

are being made into tubing, and the next in-pile experiment will test

speciemens of two of these experimental heats.
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6. OUT-OF-PILE TESTING OF MATERIALS AND COMPONENTS

Materials Compatibility Tests

Isothermal Tests of Graphite and Structural Materials In Static Helium

The concentrations of the impurities in the helium coolant of the

EGCR will, independently of the source, depend primarily on reactions of

the impurities with graphite and with the structural metals of the

reactor system. A review of the data from isothermal tests at 1100 and

1400°F in which the impurities were produced by the outgassing of graphite

has shown an interesting effect of the interplay of these impurity

reactions.

The outgassing rates and impurity concentrations measured when AGOT

graphite was heated to 1100°F and to ,1400°F in a static-helium atmosphere

are presented in Figs. 6.1 and 6.2. It may be seen that at both tempera

tures Impurity concentrations reach a maximum at the same time the vessel

reaches the maximum test temperature. At this time the impurity level

begins to decrease as a result of reaction with the metal, and, as shown,

the decrease occurs much faster at 1400°F than at 1100°F. The changes

In the C02 and (CO + N2) concentrations as a function of time at 1400°F,

as shown in Fig. 6.3, and at 1100°F, as shown in Fig. 6.4, are also of

Interest. The CO concentrations which thermodynamic calculations indicate

would be In equilibrium with graphite and the measured C02 concentrations

are presented for comparison.1 It may be seen that the gas mixture

initially produced at 1400°F contains a considerably lower percentage

of CO than the equilibrium CO calculated on the basis of the C02-graphite

reaction. The concentrations of both (CO + N2) and C02 decline rapidly

with time at 1400°F, and the concentration of CO becomes still lower

than the equilibrium value. In contrast, at 1100°F the (CO + N2) concen

tration Is at all times In approximately the ratio with respect to C02

that is predicted by the equilibrium calculations based on the C02-

.graphite reaction.

^•L. S. Darken andR. W. Gurry, Phys. Chem. Metals, 219 (1953).
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Fig. 6.4. Concentrations of (CO + N2) and C02 Produced in Static
Pots Containing AGOT Graphite at 1100°F.
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Similar comparisons have been made of the methane and hydrogen

concentrations with respect to the C02-graphite reaction equilibrium

values. As shown In Figs. 6.5 and 6.6, the initial CH4. concentrations

measured both at 1100 and 1400°F are considerably above the levels in

equilibrium with observed concentrations of hydrogen and graphite. The

CH4. concentration tends to decrease with time, however, and to approach

the calculated equilibrium value.

The contrast In behavior of the oxygen-containing impurities at the

two temperatures stems primarily from the effect of temperature on the

rates of reaction of the oxidizing impurities with the metal in the

system. At 1400°F, reaction of the outgassed contaminants with struc

tural metals was extremely fast, as indicated by the rapid reduction in

total impurity content. Accordingly, the ultimate concentrations of

oxygen-containing impurities reflect the effects of metal reactions to

a greater extent than reactions with graphite. At 1100°F, the gas

Impurities more closely approached concentrations In equilibrium with

graphite. An over-all reduction of the impurities also occurred at

1100°F but at a much slower rate than at 1400°F.

The Importance of these competing reactions is evidenced by the

effects on the various metal samples tested at each temperature. As

previously reported,2 the decarburlzation of test specimens that occurred

at 1400°F was unexpected because of the large quantities of graphite

present in these test systems. Nevertheless, decarburization is con

sistent with the gas behavior discussed above. At 1100°F, specimens

showed little effect of the test environment, although the gas conditions

were strongly carburizing. It Is known, however, that carburization is

extremely slow at 1100°F, and, In the test times investigated, detectable

carburization would not be expected.

Thermal-Convection Loop Tests of Graphite and Structural Materials In

High-Pressure Helium

Test No. 2, conducted in a thermal-convection loop containing AGOT

graphite, iron-base alloy specimens, and a dummy fuel element assembly,

2"GCR Semiann. Prog. Rep. Dec. 31, 1958," ORNL-2676, p. 139.
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was terminated after 5000 hr with a test section temperature of 1225°F

and a system pressure of 325 psig. The appearance of the metal specimens

after the test was similar to the appearance of the specimens exposed in

high-pressure tests 1A and 3, which, as reported previously,3'"4 were
of 1000 and 500 hr duration, respectively, under conditions identical to

those of test No. 2. The weight changes of the specimens from the three

tests are compared in Table 6.1. In all three tests, the stainless steel

samples gained less than 1.0 mg/cm2, whereas the low- and medium-alloy

steels gained In excess of 6 mg/cm2. The gains recorded after 500 hr

were nearly as great as those recorded after 1000 and 5000 hr, indicating

that most of the reaction with the impurities outgassed from the graphite

took place within the first 500 hr. This result Is in agreement with

the observed impurity concentrations, which were reduced to relatively

low levels after approximately 150 hr. The loop that was operated for

5000 hr was Inspected for carbon mass transfer and, like the loops that

3,,GCR Quar. Prog. Rep. Sept. 30, 1959," ORNL-2835, pp. 125-32.

*"GCR Quar. Prog. Rep. Dec. 31, 1959," 0RNL-2888, pp. 151-52.

Table 6.1. Weight Changes of Metal Specimens Exposed for 500, 1000,
and 5000 hr at 1225°F to High-Pressure Helium in Thermal-

Convection Loops Containing AGOT Graphite

Specimen

Type 304 stainless steel
Type 310 stainless steel
Type 316 stainless steel
Type 410 stainless steel
Croloy (2 l/4$ Cr) steel
Croloy (3$ Cr) steel
Type T-l steel

DB-2 (Fe-Al-Cr alloy) steel

Weight Gain (mg/cm2)

In 500 hr, In 1000 hr, In 5000 hr,
Test No. 3 Teist No. 1A Te;st No. 2

0.06 0.09 0.10

0.07 0.11 0.13

0.06 0.12 0.35

0.14 0.25 0.12

8.61 7.61 6.33

13.42 -* *

6.24 8.13 6.76

0.00 0.07 0.05

*Scale spalled off specimen.
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were operated for 500 and 1000 hr, the cold leg showed no detectable

carbon deposits. Another test is in progress in a loop containing AGOT

graphite, various metal test specimens, and a dummy fuel element assembly.

The maximum gas temperature is 1400°F, and the system pressure is 325

psig.

Effect of Gas Impurities on Metal Specimens

The surfaces of the T-l and Croloy (2 1/4$ Cr) steel specimens

exposed to helium containing impurities produced by the outgassing of

graphite in natural-convection systems at 1100 to 1200°F have character

istically exhibited relatively heavy, poorly adherent reaction films.5'6

Visually, the films appear to be composed of a silver-colored outer

layer and a black Inner layer. Both layers are highly magnetic. Follow

ing spalling of the films, the specimens show weight losses as high as

24 mg/cm2.

Initial studies were made of the scale in composite form with the

use of electron and x-ray diffraction techniques. The patterns indicated

were characteristic of Fe^O^. More recently, examinations were made of

the silver-colored scale after physical separation from the black layer

by agitation and ultrasonic methods. Electron diffraction examination

of the silvery material gave patterns corresponding to a material indexed

as "iron-graphite" (FeC). The lines for this compound are quite close

to those for graphite, and it appears that the material consists of a

solid solution of iron contained interstitially in the conventional

graphite lattice. Compounds of similar structure have been formed

following the penetration of graphite by liquid metals such as sodium

or NaK.7

Further studies of the silver-colored scale included reacting it

with dilute HC1 solution. The reaction, which was quite vigorous,

5"GCR Quar. Prog. Rep. June 30, 1959," ORNL-2767, pp. 184-88.

6"GCR Quar. Prog. Rep. Sept. 30, 1959," ORNL-2835, pp. 131-32.

7L. M. Currie, B. C. Hamister, and H. G. MacPherson, "Production
and Properties of Graphite for Reactors," pp. 451—75, Proceedings of
Conference on Peaceful Uses of Atomic Energy, Vol. 8, 1956.

193



completely leached the iron from the scale. After reaction, segments of

the scale produced patterns characteristic of pure graphite, and the

lines common to the iron-graphite form were missing.

Examination of the black substrate layer revealed It to be composed

predominantly of FesO^. This black material showed no visible reaction

with HC1, and acid treatment of a composite of the silvery and black

scales produced a residue containing both graphite and Fe304.

The atmospheres under which these scales have formed reflect the

effects of reactions discussed in the preceding sections. The impurity

concentrations which were measured at several time Intervals in high-

pressure test 1A are shown in Table 6.2. Thermodynamic calculations

indicate that oxidation of the low-alloy T-l material would have been

possible only during initial stages of the test. Following this period,

reactions of the contaminants with the graphite established conditions

which favored carburization and deoxidation of these specimens. It Is

believed therefore that the silvery component of the film was formed

subsequent to the buildup of the black oxide material and resulted from

a combination of reduction of the iron oxide and the deposition of carbon

at the gas-film interface. As indicated in Table 6.2, the ratios of CO

Table 6.2. Concentrations of Impurities in High-Pressure
Test 1A Compared with Concentrations of CO and CH4

In Equilibrium with Graphite at 1225°F

Equilibrium

Observed Impurity Concentrations Concentrations

1225°F
(vol %) (vol %)

(hr)
CO + N2 C02 H20 H2 CH4 coa CH4b

0 0.129 0.171 0.0029 0.382 0.0616 0.597 0.0068

8 0.278 0.237 0.0018 0.447 0.0616 0.702 0.0093

132 0.519 0.270 0.0040 0.461 0.0477 0.749 0.0098
468 0.796 0.134 0.0075 0.168 0 0.527 0.0013

900 0.542 0.0291 0 0.0158 0 0.246 0
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to C02 and CH4 to H2 were both sufficiently high to support carbon

deposition.

Low-Pressure Thermal-Convection Loop Tests with Helium Containing
Controlled Amounts of Impurities

Test No. 10 In a low-pressure thermal-convection loop that contained

a type 304 stainless steel heated specimen at a temperature of 1500°F and

AGOT graphite at a temperature of 1100°F was terminated after 900 hr of

operation. The Impurity concentration of the helium In the loop, which

was monitored with an on-stream gas chromatograph, was controlled to

0.185 vol fo CO. The concentration of all other impurities was low, with

the exception of C02, which was present because of the CO-graphite

equilibrium. The C02 concentration remained at a level of 0.132 vol $

throughout most of the test period. This concentration of C02 Is a

factor of 10 greater than the equilibrium concentration predicted from

the C02 + C (g) ^ 2C0 reaction at 1100"F.1 It would be expected, how

ever, that the equilibrium between the gas stream and the graphite in

this test would be upset by the cold-leg section of the loop, in which

a portion of the gas was cooled to 500°F. The equilibrium temperature

for graphite and the observed C0-C02 mixture was calculated to be 960°F.

The heated specimen exposed in test No. 10 exhibited a thin,

irridescent, tightly adherent film which was characteristic of the pro

tective spinel-type oxides that commonly form on stainless steels. The

unheated stainless steel coupons exposed at 1100°F also had protective

films and quite low weight gains (1.0 mg/cm2). Similarly exposed low-

alloy steels were found to have rather heavy oxide films which had

blistered during the test. The weight gains for these coupons were in

excess of 1.0 mg/cm2. More extensive analyses of the specimens used

In this test are In progress.

Test No. 11 is in progress in a loop containing AGOT graphite at

1100°F and a type 304 stainless steel specimen heated at 1500°F. The H20

content of the helium in the loop is being controlled at 0.122 vol %

(±10$ error). The observed concentrations of the other impurities in

the loop are:
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Concentration
Impurity (vol $)

CO 0.015-0.020

C02 0.040-0.050

H2 0.090-0.100

CH^ 0.001-0.006

Forced-Convection Loop Test of Gas Purification System

A small-scale version of the gas purification system proposed for

the EGCR8 has been added to the forced-convection loop assembly. Evalu

ation of this purification system will get under way In conjunction with

test No. 4 as soon as the process stream gas chromatograph (presently in

operation with the low-pressure thermal-convection loops) becomes

available.

Evolution of Gases from Graphite

The experimental techniques employed and the experimental results

of studies of the degassing behavior of a large number of different

graphite specimens have been reported previously.9"12 Additional de

gassing studies of Great Lakes Corporation R-1HLM graphite have been

made, and another reactor-grade graphite, Great Lakes R-6HLM, has been

Investigated. Samples of silicon—silicon carbide coated graphite received

from the American Lava Corporation have also been studied.

The data presented previously12 for the outgassing of R-1HLM graphite

showed some rather large variations in the gas content of specimens cut

from the same bar, as well as for specimens machined from different bars,

when the specimens were degassed by heating from room temperature to

1000°C with the use of external-resistance heating. In contrast, the

8F. A. Anderson, "Proposed Helium Purification System for the
Experimental Gas-Cooled Reactor," ORNL-2819 (Oct. 2, 1959).

9"GCR Semiann. Prog. Rep. Dec. 31, 1958," ORNL-2676, p. 147.

10"GCR Semiann. Prog. Rep. June 30, 1959," ORNL-2767, p. 190.

llMGCR Quar. Prog. Rep. Sept. 30, 1959," 0RNL-2835, p. 133.

12"GCR Quar. Prog. Rep. Dec. 31, 1959," ORNL-2888, p. 153.
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data Included In Table 6.3 that were obtained by degassing R-IHLM graphite

in the temperature range 30 to l800°C by using induction heating show

a fair degree of precision for specimens cut from four different bars.

The total gas contents also are In fair agreement with those reported

earlier12 (l-D is a duplicate of 1-C, etc.). The ratio of the volume

of H2 to that of the combined volumes of CO and C02 is somewhat greater,

however, for the D series than that reported earlier12 for the C series.

With the exception of sample 4-D, all samples gave a larger volume of

CO + C02 than H2. No explanation for the larger H2 to CO + C02 ratio

found in the D series can be given.

A 12-in. sample (4x4 in. in cross section) of R-6HLM was received

from the Great Lakes Carbon Corporation for evaluation. Specimens

1 l/2 in. in diameter and 2 in. long were machined from this sample in

such a manner that the long axis of the cylinder was either parallel or

perpendicular to the extrusion axis. This sample also was used to provide

specimens 1 l/4 In. in diameter and 1 in. long cut from the center and

outside of the bar with the axis parallel to the extrusion axis.

The results obtained by degassing two of the 1 l/2-in. specimens

are given in Table 6.3. Sample A-l was cut perpendicular to the extrusion

axis, and sample C-5 was cut parallel. Additional samples will have to

be outgassed before any significant differences can be said to exist.

Data for the outgassing of the 1 l/4-in.-diam, 1-in.-long specimens are

also presented in Table 6.3. Samples B-l and B-3 were cut from the

outside of the bar and samples B-5 and A-5 were cut from the center.

There are no significant differences in either the volume or composition

of the gas evolved by the specimens cut from the different positions.

The results obtained thus far indicate that the gas content of R-6HTM

graphite is somewhat lower than that of R-IHLM. The evolved gas is

characterized, however, by a rather large CO + C02 to H2 ratio.

Silicon—silicon carbide coated specimens of two sizes, 1 l/2 in. in

diameter and 2 in. long and 1 1/4 in. in diameter and 1 In. long, were

received from the American Lava Corporation, and their degassing behavior

was studied. The results obtained by heating the specimens from room
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H

CO

Table 6.3. Volume and Composition of Gas Evolved "by Graphite Specimens

Sample Dimensions Gas Volume

(in.) Graphite ^g^" Time (cm3/l00 Ifydro-
Sample ,„ . (hr) cm3 of 2 carbons

Diameter Length *• ' graphite)

H20

Gas Constituents

C02 n2 CO Mass 28

Vol % cm3 Vol % cm3 Vol % cm3 Vol f cm3 Vol % cm3 Vol % cm3 Vol % cm3

1 1/2

11/4

Great Lakes

R-6HLM

No. A-l

Great Lakes

H-6HLM

No. C-5

American

Lava

No. MMM-1

American

Lavs.

No. MMM-2

Great Lakes

R-IHLM

No. 1-D

Great Lakes

R-IHLM

No. 2-D

Great Lakes

R-IHLM

No. 3-D

300

600

1000

Total

300

600

1000

Total

300

600

1000

Total

300

600

1000

5

11

6.5

7

5

13

3

21

24

6

17

6

Total

1000 8

1400 3.5

1800 5

Total

1000

1<400

1800

Total

1000

1400

1800

Total

3.5

3.5

3.5

9

*Included in 600°C fraction.

0.7

3.3

15.8

19.8

0.6

3.3

20.2

24.1

(0.2)*
3.7

12.5

(0.2)*
2.2

5.7

7.9

41.3

3.7

3.2

48.2

39.4

7.6

7.5

54.5

48.6

4.0

6.5

59.1

6

14

24

3

5

41

4

50

34

76

35

30

29

40

83

29

23

94

0.5

3.9

4.4

0.2

8.4

8.6

0.1

4.4

4.5

0.8

4.4

5.2

14.5

1.1

2.9

18.5

11.5

3.0

6.2

20.7

14.2

0.9

6.1

21.2

5

13

1

3

11

0.8

0.7

0.9

0.7

0.7

1

0.3

0.5

0.2

0.1

0.2

66

20

2

0.3

59

0.4 36

0.2 3

0.6

0.1 33

1.0 2

1.1

0.1

0.2

0.3

0.3

0.3

0.2

0.1

0.1

0.4

0.1

0.1

20

0.

0.6

0.4

0.2

0.5 5

0.7 38

0.3 8

1.5

0.4 6

1.2 25

0.6 5

2.2

1.2

0.2

12

3

1.4

0.4 10

0.4

0.4

0.2

0.2

0.2

0.2

0.1

0.1

0.6

1.5

0.1

0.3

1.4

0.2

0.3

2.7

0.1

1.3

1.3

2.6

0.8

1.0

1.8

0.5

0.3

0.8

0.2

0.2

0.2

0.1

0.3

0.1

0.1

0.2

0.1

0.1

0.2

13

4

1

10

3

1

0.1

0.1

0.2

0.4

0.1

0.1

0.2

0.4

0.2

0.1

0.3

0.1

0.1

0.2

0.8

0.3

0.2

1.3

1.2

0.7

0.5

2.4

0.5

0.3

0.2

1.0

2

19

63

3

16

48

41

33

28

17

61

59

3

67

43

68

66

2

0.7

10.0

10.7

0.5

9.6

10.1

1.5

2.9

4.4

0.6

0.9

1.5

25.2

2.2

0.1

27.5

26.4

3.8

0.6

30.8

33.1

2.7

0.1

35.9



•w
.

N
O

H3

V
O

C
M

C
D

*

c
n

C
M

O
e
n

V
O

e
n

o
e
n

e
n

v
o

\
o

e
n

ao

21.34.60.4

1
c
n

VO-'
1

CM

O
I
>

0
\

e
n

C
M

oo
>

ft.

H
O

T
\

t
o

m
s
t

M
O

vO
t>

-

a
to

s
t

e
n

1
^

s
t

C
M

O
O

o
1

H
O

O

C
M

•w
.

HO>

C
M

s
t

i
n

H
s
t

ao

C
M

H
1

^
C

M
H

e
n

C
M

o
o

1
O

O
O

O
O

C
M

OU
rH|2

s
t

«
0

d
o

s
t

t>
n

O
C

M
O

s
t
s
t

s
t

O
H

O

o

Hd
s
t

O

o
e
n

s
t

I
>

V
O

O
O

sjto
o

C
M

e
n

O
s
t

to

e
n

e
-

H
M

O
c
-

s
t

O
N

s
f

C
O

cn
s
t

vo

s
t

H
C

M
^

e
n

cm
H

o
o

o
o

o
o

o

r
|H

(
M

O
H

O

H
c
n

e
n

cm

O
C

M
O

O

O
C

M

H
d

vO
to

O
S

s
t

C
>

•*

o
o

o
o

o
e
n

H
e
n

v
o

o
[
-

c
n

C
M

C
M

C
M

H

i
n

i
n

o
o

o
H

m
in

r
-

H
H

H
d

d

t
o

o
cm

o
r>

s
f

en
s
t

cn
H

&
&

i
n

C
M

C
M

C
D

O
O

o
in

s
f

c
n

e
n

t
o

o
o

o

t
oO
S

C
M

r
n

i
n

o
O

rH

o
m

o
H

C
M

C
M

C
M

d
din

C
M

s
t

'
O

O
O

o
n

e
n

cm
e
n

e
n

e
n

rvl
O

cm
H

C
M

e
n

H

d
d

o«
0

C
M

H
o

d

o
\

e
n

e
n

H
ffl

•
•

•
O

in
o

j
s
t

e
n

HU
J

H
H

o
o

cm
m

o
v

o
t
o

O
H

H
d

H

f
o

"
.

O
4

n
1)

H
H

O
+

>

s
o

f
t

C
Q

O
O

03

.=
8

—
k

3
M

a!ft
9

o

df
J
J
^

s

+
>t*J

3

i
n

i
n

s
t

V
O

V
O

o
o

o
o

o
o

O
s
t

to
H

H
r
l

cm
c
n

t
o

in

o
o

o
O

o
o

O
s
t

t
o

%
i

t
o

in
e
n

in
e
n

cm

ctj
v

o
•

<
u

7
o

H
t
o

o

t
o

O
H

o
o

O
o

s
t

t
o

l
i

O
v

O
V

H
O

v
C

M

I
H

to
m

in
I
s
t

CM
en

s
t

o
vo

in
to

o
|

ov
C

M
e
n

rn
H

s
t

s
t

C
M

t>
t
o

>
n

C
M

O
V

C
M

C
M

s
t

to
c
n

£
>

to

o
o

O
O

8
8

°
-
°
,

H
H

H
H

1-
Pa

O
O

O
o

o
Q

o
o

O
O

v

3
3

3
3

3

oJ
vp

•
4)

I
O

O

1
9

9



temperature to 1000°C with the use of external resistance heating are

given in Table 6.3. The small volumes evolved at 300°C were not analyzed,

but they are included in the 600°C samples. Previous experience has

indicated that the gas evolved at 300°C is primarily water vapor.

As may be seen from the data, the coated specimens evolved surpris

ingly large volumes of gas. The composition of the evolved gas was

similar to that evolved from some uncoated specimens, with significant

amounts of CO and C02 present. These results suggest that the coatings

of the specimens examined were imperfect, although they presumably were

given the standard oxidation test before shipment. One of the degassed

specimens was returned to the vendor for examination of the coating.

Additional coated specimens prepared from better graphite stock are to

be made available. The results obtained by degassing a coated specimen

in the temperature range 30-1490°C by using induction heating are also

given in Table 6.3. A rather small volume of gas was evolved at 1000°C,

and It contained considerable quantities of CO and C02. Gas continued

to be evolved at a rather slow rate over an extended period of time at

1200 and 1400°C. This behavior suggests that the rate of evolution was

being affected by the process of diffusion through the coating. At

1490°C the rate of evolution was higher, as expected, since the coating

was not intended to be protective in this temperature range. The speci

men showed a large weight loss, and considerable silicon was deposited

on the wall of the experiment tube. Failure of the coating was not

characterized by any marked Increase In the rate of gas evolution.

Modifications were made in the equipment used for outgassing with

the use of induction heating in an attempt to provide lower pressures

over the graphite specimens during the outgassing and to provide for

measuring the pressures. A mercury diffusion pump and an ion gage were

installed between the quartz tube and the Toepler pump, along with

suitable connections for bypassing the gage and the diffusion pump.

Operation of the ion gage was unsatisfactory, however, presumably because

of the mercury vapor in the system. It appears that a cold trap will

be required if the ion gage is to be used. Several runs were made
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without the ion gage in which AGOT specimens were degassed. No marked

difference in the degassing behavior was observed when the diffusion

pump was used in comparison with earlier results obtained without it.

There was, however, an indication that the time required to remove +he

bulk of the gas at any particular temperature was decreased slightly.

The diffusion pump has not operated satisfactorily because of intermittent

leakage, and it has been removed from the system for examination and

repair.

Graphite samples manufactured from needle cokes by National Carbon

Company, Speer Carbon Company, and Great Lakes Corporation have been

received. Studies of the degassing behavior of some of these samples

will be started shortly.

Transport of Gases Through Graphite

Permeability Studies

Further studies in the experimental program for the determination

of the interdiffusion coefficients of noble gases in graphite13 have

included tests with AGOT graphite. The first experiments involved the

determination of the open porosity and the permeability characteristics

with helium. In the permeability determinations, difficulty was

experienced in that nonlinear permeability curves were obtained at flow

rates which had given satisfactory curves for Speer No. 1 graphite. It

was immediately suspected that the forced-flow experiments for the

permeability determinations were being conducted in turbulent flow

regions, and use of the definitive gas permeability equations for

isothermal steady-state flow,

a a uL

and

QaPa =KfAP (2)

13"GCR Quar. Prog. Rep. Dec. 31, 1959," 0RNL-2888, pp. 158-62.
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would not be valid under these conditions. In these equations Q is the
a

volumetric flow rate (cm3/6ec) measured at pressure P (atm) when a

pressure drop AP (dynes/cm2) is imposed on a fluid of viscosity u (poise)

and the fluid flows through a porous medium of cross-sectional area A

(cm2), and length 1 (cm). In Eq. (l), P is mean pressure. The pressure

drop is measured over L. Equations (l) and (2) emphasize that the gas

velocity, Q P /A, must be linear with respect to P (AP/l) or (p| — p£)/2L,
3, 3, in

before values of k (cm) or K (cm2/sec) can be determined.
3,

Muskat1^ has shown that the Reynolds number, obtained by using the

average grain diameter, at which turbulent flow might be expected is unity

for porous media as compared with 2000 for a smooth circular conduit.

Further, the transition from viscous to turbulent flow is not abrupt in

porous media; rather, it occurs over a wide range of velocities, with

only the large channels participating initially and the small channels

becoming involved as the velocity increases. Uncertainties in estimating

an average diameter for a grain indicated the need for an experimental

determination 5 of the initial transition point (or critical velocity)

so that meaningful permeability measurements could be obtained. Initial

results of such experiments are presented in Fig. 6.7. The only linear

curves are those for helium at Q P values less than 125 cm3/sec at 1
a a '

atm and 20°C. Since the Reynolds numbers for the two gases being used,

argon and helium, should be equal at the transition point,

A He

(3)

where M is the molecular weight. Based on Eq. (3) and the helium tran

sition value, an estimated argon transition value of 14.3 cm3/sec was

14M. Muskat, "Physical Principles of Oil Production," p. 126,
McGraw-Hill, New York, 1949.

15"Standard Procedure for Determining Permeability of Porous Media,"
API Code No. 27, 2nd Ed., American Petroleum Institute, Division of
Production, Dallas, Texas, 1942.

202



280

UNCLASSIFIED

ORNL-LR-DWG 47510R

40 80 120 160 200 240

QaPa , FLOW RATE AT 20°C(cm3 •atm/sec)

Fig. 6.7. Permeability Characteristics of AGOT Graphite at 20°C,
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obtained. Thus, it appears that all the argon data (corresponding to

the points in Fig. 6.7) were obtained in the turbulent region. This

discussion is pertinent from the standpoint of reactor technology, since

room-temperature helium flow through this specimen at reactor pressures,

for example, 30 atm, will be in the turbulent region, with pressure

drops as low as 0.5 psi. If back flow of helium through graphite fuel

elements Is to be employed as an aid in fission-product retention, the

possibility of the existence of turbulent flow within the graphite

should not be overlooked.

It is currently believed that the permeability constants obtained

from K versus P plots are of little value for estimating the absolute

value of the Knudsen diffusion coefficients applicable to the relatively

permeable graphites being studied to date. This conclusion intuitively

results from considerations of pore-size distribution curves for AGOT
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graphite (Fig. 6.8) that are based on published data.16 The permeability
values obtained thus far in experiments conducted at mean pressures above

1 atm could be governed by the contribution of a small percentage of

large poresj however, values do verify the conclusion that Knudsen re

sistances will be negligible for AGOT graphite. Indeed, AGOT and Speer

No. 1 graphite were selected for the Initial experiments with the

16W. P. Eatherly et al., "Physical Properties of Graphite Materials
for Special Nuclear Applications," A/CONF.15/p/708, Second United Nations
International Conference on Peaceful Uses of Atomic Energy.
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Fig. 6.8. Accessible Volume as a Function of Pore Radius for AGOT
Graphite Based on Data of Ref. 4.
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expectation that diffusion in these graphites would be essentially

classical in nature and relatively independent of Knudsen effects. The

permeability data are valuable, however, from the standpoint of graphite

characterization and identification. Also, these data are necessary for

future studies involving diffusion in forced-flow systems. The perme

ability data presented in Fig. 6.9 are based on k (cm)2 rather than K

(cm2/sec), as in Eq. (2), where

H) (4)

and a is a measure of the well-known slip phenomenon.17 As l/p approaches
m

zero, the gas tends to behave as a liquid, and k approaches ko. The

latter parameter Is a property of the medium and does not contain contri

butions of P and li, as does K. The results of the preliminary

17M. Muskat, op. cit., p. 137.
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characterization experiments are presented below:

Speer No. 1 AGOT
Graphite Graphite

Porosity to helium, vol fo 17.8 22.0

Absolute permeability, k0, cm2 0.6 X 10"10 1.7 X 10"10

Constant-Pressure Diffusion Experiments

Interdiffusion coefficients of argon and helium have been obtained

for AGOT graphite by using the procedures outlined previously.13 The

method being used differs from the methods described in the literature

In that relatively large diffusion specimens (graphite cylinders rather

than disks) are utilized and both the argon and the helium sweep streams

are analyzed for diffused gas. The latter feature was incorporated to

furnish a means of checking the data, since it was assumed that the

rate of diffusion of each gas would be essentially equal In AGOT and

Speer No. 1 graphite when the total pressure was maintained at the same

value on each side of the diffusion septum. It was found, however, that

the diffusion rates were not the same, as indicated by the data of Fig.

6.10, which present the apparent or effective diffusion coefficients

for each gas as a function of reciprocal pressure. In the previous

1 3report, J it was mentioned that the presence of a mass-transfer film

could be responsible for the low values obtained; however, estimates of

film resistances at the sweep velocities employed Indicate that film

effects are negligible. This, coupled with the agreement between the

ratios of the permeability constants, ko, of the two graphites and,

for example, the ratio of the argon diffusion coefficients at a pressure

of 2 atm, has increased confidence in the reliability of the data.

During this quarter, attention has been focused on the net transfer

of gas obtained in the diffusion experiments, as indicated by the data

of Fig. 6.10. In an attempt to correlate the data, the following series

model suggested by Carman18 was studied:

18P. C. Carman, "Flow of Gases Through Porous Media," p. 79, Academic
Press, New York, 1956.
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Apparent Diffusion Coefficients for Argon and Helium

1 = 1 1_
D D + D
eff c k

[5)

where D refers to the classical diffusion coefficient and D, refers to
c k

Knudsen coefficient. In terms of molecular weight and total pressure

(maintained constant throughout the cell during a particular experiment),

Eq. (5) may be written for either argon or helium as

^P
= BXP

He
VMA +MHe/

l/2
+ M,

He
)l/2

where P is the gas pressure. The argon equation would be the same

except that M would appear in the last terms.

(6)
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Equations (5) and (6) refer to a single channel-, however, conversion

of these values to the gross value measured is not important here because

the interest is in the form of the equation rather than the absolute

value involved. From equation (6) it can be seen that l/(D „„) should

be linear with pressure for each gas. Also, the ratios of the intercepts

should be given by the ratio of the square roots of the corresponding

molecular weights, and the slopes should be essentially equal. A plot

of this type is shown in Fig. 6.11, which indicates that the Knudsen

effects are indeed small. Although both curves are linear and the inter

cepts are proportional to the square root of the molecular weights, the

large differences between the two curves indicate that the model given

by Eqs. (5) and (6) is not applicable to the present experiment.

A striking feature of the plots of Fig. 6.11 Is that the ratio of

the slope of the argon curve to the slope of the helium curve is precisely
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Fig. 6.11. Plot of Reciprocal of Apparent Diffusion Coefficients
for Argon and Helium in AGOT Graphite at 25°C.
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3.16, which is the ratio of the square root of the argon molecular

weight to that of helium. This suggests that a viscosity relationship

similar to that given by Dushman19 may be applicable, rather than a

classical diffusion term, as originally anticipated. Another point under

consideration is the fact that the net flows result in nonlinear concen

tration profiles which have not been accounted for In the calculation of

the apparent coefficients presented. A more meaningful approach would

Involve equations of the form20

P b\G± - N.GT - D12A _ 3j- ,

where G. Is the flow of component 1, G is the net flow, and the last

term represents the diffusive component. This approach appears to be

valid, since the pressure-dependence relationships obtained indicate

that nearly all types of flow present are common to all the pores.

Rather than specifying two apparent coefficients, it would then be

possible to specify a single coefficient and the net flow.

It should be pointed out that previous investigators have been

concerned with diffusion rates of only one component of the binary mixtures

studied; that is, only one of the two sweep streams employed was

analyzed for diffused gas. Thus, little information regarding the net

transfer effect (at AP = 0) can be obtained from the literature. Attempts

to correlate the data will be continued.

Chemical Behavior of Fission Products In Fissioning U02

Important properties, such as vapor pressure, diffusion rates, and

chemical reactivity, of fission-product species depend on the state of

19S. Dushman, "Scientific Foundations of Vacuum Techniques," p. 40,
John Wiley, New York, 1949.

20A. J. de Bethune, W. G. Pollard, and R. D. Present, "Flow of Gases
Through Barriers," p. 80, Technical Information Service, USAEC, Oak Ridge,
Term., NNES-II-3 (1952).
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chemical combination in which the fission product comes to equilibrium.

The necessity for the fissioning medium to maintain cation-anion

equivalence (charge balance) and for thermodynamic equilibrium to be

maintained among the possible chemical species should dictate the state

of combination for each element. The expected state of combination at

equilibrium, estimated from available thermodynamic data,21 for all

products of fission of U02#0o with yields above 0.1 atom per 100 fissions

is shown in Table 6.4.

It is known that SrO, BaO, Zr02, Nd203, and Y203 dissolve to form

solid solutions with U02. Considerations of the cation radii lead to the

confident prediction that the trioxides of lanthanum and the rare earths

form similar solutions. Europium and samarium may form divalent oxides,

and they should, in that case, form solid solutions with U02, as do

BaO and SrO. The available literature does not permit prediction of

the phase behavior of Mo02, so this compound is being prepared in order

to determine, in a simple experiment, its solubility in U02.

The basic reasons why Cs, Rb, Tc, Ru, Rh, Pd, and Te do not form

oxides are that the oxide formers listed in Table 6.4 form more stable

oxides and are present in sufficient quantities to react with all

21J. P. Couglin, "Heats and Free Energies of Formation of Inorganic
Oxides," U.S. Bureau of Mines Bulletin 542 (1954).

Table 6.4. Molecular Form of U02 Fission Products

Oxides
Elemental Solid Liquid Anions of Cs,

Gases Metal Metal Rb, Ba, and Sr

Zr Kr Tc Cs I

Mo Xe Ru Rb Br

La Cs Rh Se

Rare earths Rb Pd Te

Y

Sr

Ba
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oxygen that is a byproduct of fission. Cesium and rubidium would distill

away from the U02 pellets to cooler portions of the fuel capsules,

probably at the bottom of each capsule, except that the temperatures will

be sufficiently high for them to exert a high vapor pressure (~1 atm),

and therefore they will be in the gas phase in high concentration, along

with krypton and xenon.

The four metals, Tc, Ru, Rh, Pd, will be present as a separate metal

phase (or phases) which will have a liquidus temperature greater than

4000°F. Palladium, which melts at 2830°F, may be present as liquid but

will tend to migrate and form a solid solution phase with either ruthenium

or rhodium. The basis for these predictions lies in the known phase

behavior of Ru, Rh, and Pd.22

The four fission products which are best treated as nonmetals, I,

Br, Se, and Te, form stable compounds with the alkali and alkaline earth

elements. However, the exact fraction of the alkalis and alkaline earths

that would react with the nonmetals Is not certain because important

thermodynamic data are unavailable. From molecular size considerations

and the lack of similarity to U02, it is safe to say that these compounds

will not form solid solutions in the fuel pellets. Furthermore, the

alkali halides formed will volatilize to some extent, condense in the

cooler portions of the element, and probably dissolve in the free alkali-

metal phase.23

Measurement of High Temperatures

Measurement of Surface Temperatures in High-Velocity Cooling Gas

The investigation of factors influencing the accuracy of thermo

couples attached to metal surfaces In high-velocity cooling gas was

continued. When thermocouples are used to measure the temperatures of

22M. Hansen, "Constitution of Binary Alloys," McGraw-Hill, New
York, 1958.

23M. A. Bredlg, H. R. Bronstein, and W. T. Smith, Jr., J. Am. Chem.
Soc. 77, 1454 (1955).
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gas-cooled surfaces, corrections must be made for the cooling action of

the gas on the thermocouple. The cooling gas removes heat from the sur

faces of the thermocouple leads and induces the flow of heat outward

through the thermocouple. Consequently a thermal gradient Is set up

in the region between the original surface and the junction of the

thermocouple inside the thermocouple bead. The magnitude of the

resulting error in the temperature measurement is proportional to the

distance separating the thermocouple junction from the original metal

surface and is also proportional to the thermal gradient in this region.

The distance separating the thermocouple junction from the original

metal surface, which will be called the height of the junction, is fixed

at the time the thermocouple Is fabricated. The thermal gradient through

the thermocouple depends upon the various geometrical factors and gas

flow conditions which affect the heat transfer through the thermocouple

and the lead wires. These factors include the diameters and exposed

lengths of the thermocouple lead wires, the composition and pressure of

the cooling gas, the dimensions of the cooling channel, the velocity of

the cooling gas, and the thermal conductivity of the thermocouple metals.

Methods of fabricating bare-wire thermocouples which have repro

ducible cooling corrections have been developed.2* A section through

a thermocouple bead at a point displaced toward the end of the thermo

couple wires about 0.005 in. from the center of the bead is shown in

Fig. 6.12. Sections taken near the center of the bead show the Alumel

region resting above the Chromel region. The location of the thermo

couple junction In a thermocouple of this type cannot be determined by

examination. Various points of contact between the Chromel and Alumel

contribute in differing degrees to the electrical junction. The effective

location may be at any point along the Chromel-Alumel boundary.

Methods for experimentally determining cooling corrections for

attached thermocouples are available.24 Briefly, a metal specimen is

24W. E. Browning and H. L. Hemphill, "Solid State Div. Semiann.
Prog. Rep. Feb. 28, 1955," 0RNL-1851, p. 19.
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Fig. 6.13. Thermocouple Model for Heat Transfer Calculations.

at the location of the thermocouple junction. To perform this

calculation, it was necessary to evaluate the heat flux profile and

temperature distribution throughout the thermocouple. The exposed

thermocouple lead wire was divided into 100 elements of length for

this calculation, and a heat flow balance was established for each

element. An initial estimate was made of the heat flux Into the base of

the thermocouple from the hot surface, and the calculation of the tempera

ture of the first element was based on the heat flux estimate and the

thermal conductivity of the thermocouple metal. The convective heat

losses from the element to the coolant were calculated from the tempera

ture of the element and the heat transfer film coefficient determined

from the cooling conditions for the case being calculated. The convective

heat losses were subtracted from the heat flux entering the element to

yield the heat flowing from the first element to the second element.

The temperature of the second element was then calculated, and the process
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was repeated for each of the 100 heat transfer elements. If the initial

estimate of the heat flux into the base of the thermocouples had been

correct, the residual heat flux remaining at the end of the thermocouple

lead wire would have been zero. Actually, it was necessary to use the

magnitude of the residual heat flux to construct a revised estimate of

the heat flux at the base of the thermocouple and to repeat the calcu

lations until the residual heat flux was sufficiently close to zero.

The calculation usually converged after only two or three iterations.

The calculations yielded a temperature profile in the thermocouple

that could be used to predict the temperature cooling correction if the

height of the thermocouple junction inside the thermocouple were known.

Since the height of a thermocouple junction cannot be observed directly,

but is presumably fixed for each thermocouple, It was of interest to

express the results of these calculations in terms of the thermal

gradient near the base of the thermocouple. This thermal gradient should

be proportional to the cooling correction for each thermocouple and

should vary with cooling conditions in the same way, as far as the

thermocouple cooling correction is concerned.

Some of the results of the calculations are presented in Figs.

6.14 and 6.15. The thermal gradient at the base of the thermocouple

versus the Reynolds number of the coolant for various lengths of exposed

thermocouple leads Is shown in Fig. 6.14. The calculations were made

for 0.010-in. Chromel-Alumel wires with air at atmospheric pressure

passing through a 0.050-in.-thick annular channel. As may be seen,

the thermal gradient increases with the Reynolds number and is quite

sensitive to the length of exposed lead wire for lengths of less than

0.100 in. The calculated thermal gradient is plotted versus the length

of exposed lead wire for two values of the Reynolds number in Fig. 6.15.

Thermocouple cooling corrections were also determined experimentally

for a series of thermocouples under the conditions used in the calcu

lations. The results of these tests, together with the information

presented in Fig. 6,14, were used to evaluate an effective height of the

thermocouple junction for each individual thermocouple. The effective
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heights so obtained were used, together with the information of Fig. 6.14,

to calculate the theoretical thermocouple cooling corrections as functions

of Reynolds numbers. The theoretical values are presented in Fig. 6.16

and compared with the experimentally determined cooling corrections. It

may be seen that the theoretical heat transfer calculations successfully

predict the variation of the thermocouple cooling correction with the

Reynolds number.

Stability of Rhenium-Tungsten Thermocouples

Tests were continued on rhenium-tungsten thermocouples at tempera

tures from 1000 to 2000°C. Thermocouples of these materials are of

interest for measurement of central temperatures In U02 fuel elements.

Studies are being made of the effects on calibration of various factors,

including aging at high temperature, thermal cycling, and atmospheric

impurities.

Effects of Radiation on Thermocouples

Calculations of the amounts of impurities produced in thermocouple

materials by transmutation reactions were continued. Five platinum-

rhodium thermocouples and one rhenium-tungsten thermocouple irradiated

in the LITR are on hand for postirradiation calibration. Calibration

curves will be determined for these thermocouples in the hot cells.

Tests of Chromel-Alumel Thermocouples In Various Atmospheres

Chromel-Alumel thermocouples have been tested under various

conditions because of evidence of abnormally high drift rates in the

presence of certain contaminants.25 Negative drifts of 10 to 40°C in

24 hr had been noted for thermocouples in stagnant air at 1040°C In the

presence of chromium and Inconel powders. In stagnant helium atmospheres,

negative drifts of 15 to 35°C in 40 hr had been noted for thermocouples

In the presence of chromium and Inconel. The thermocouples were In

25J. L. Potts and D. L. McElroy, ORNL, personal communication to
W. E. Browning, ORNL.
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quartz tubes In the thermal-gradient region and had long alumina

protection tubes. Uncontaminated Chromel-Alumel thermocouples drifted

2 to 4°C in a positive direction under similar conditions.

Studies made under carefully controlled conditions have resulted

in only one example of an abnormal drift. It should be pointed out,

however, that no tests have been made under exactly the conditions that

gave the abnormal results reported above. The studies reported herein

were made with 12-ln. quartz protection tubes in place of the 36-in.

alumina tubes used by previous investigators. The one case of abnormal

drift resulted from the use of chromium powder and a stagnant helium

atmosphere with the thermocouple insulating tube broken at 0.75-in.

intervals and with 0.25 in. of metal exposed between the breaks through

out the length of the tube. The protection tube was not purged of air

before a helium pressure of 3 psi was applied with no flow. The drift

rate was almost linear during 24 hr at a rate of -2.0 mv in 24 hrj the

rate of drift subsequently decreased.

In stagnant air at 1000°C the measurements obtained during a 100-hr

period for 18 thermocouples showed a maximum difference between thermo

couples of 4°C. The data showed no significant differences between

thermocouples with broken or solid insulators, and all drifts were

positive. The Chromel leg measurements drifted 3°C ± 1°C, and the drift

tended to level off. The Alumel leg measurement drifted 6°C ± 1°C and

continued to increase in error.

In flowing helium the results were approximately the same. Specially

purified helium gave the same results as cylinder helium. After 140 hr

of helium flow, the helium lines were replaced with air lines, and air

was passed through the tubes for 60 hr. There was no change in rate of

drift of any of the thermocouple measurements.

The measurements of thermocouples In broken insulators in the

presence of chromium and Inconel powders tested with a flowing helium

atmosphere showed no greater drift than those of control thermocouples

tested without metallic contaminants. The insulators used In these

tests were broken by cracking the ceramic into approximately 0.75-in.
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lengths, and no gaps were larger than 0.10 in.; therefore only very

narrow sections of the wires in the thermal-gradient region were exposed

to contamination. The wires fitted snugly into the ceramic insulation,

so there was only a slight chance of diffusion up the hole, particularly

after slight oxidation of the wire caused swelling and completely blocked

the hole. Therefore, the results from these tests should not necessarily

have been intermediate between the results of tests with solid insulators

and broken, spaced insulators.

As a further check on the oxidation changes that take place In the

wires, accurate resistance measurements were made on the individual

thermocouple legs during the tests in helium. The presence of metallic

contaminants had no significant effect on resistance changes. In general,

the sections of Alumel wire in the high-temperature zone in helium

increased in resistance by approximately 50$ during 200 hr. The

resistance of the Chromel wires increased only 5fo during 200 hr. When

the helium flow was replaced by air flow, the rate of change in the

resistance of the Alumel wire increased by a factor of 4. The Chromel

wires showed no appreciable changes. The measured resistance changes

agreed with predicted values. As the cross sectional areas of the wires

were reduced by oxidation, the resistance increased. No correlation

between emf drift and resistance change was found. This was expected,

since any oxidation could cause resistance changes, but only oxidation

that resulted in changing the metal composition could cause emf changes.

It is interesting to note that no appreciable changes were found

In the resistances of either the Chromel or Alumel legs in the one

instance of abnormal emf drift. The slight increases in resistance

measured were much less than the usual changes in helium.

The results obtained thus far indicate that Chrome1-Alumel thermo

couples in the presence of chromium, Inconel, and quartz insulation in

a flowing helium atmosphere show no abnormally fast emf drifts when

there is limited access of the helium to the wires in the thermal-

gradient range; however, abnormal drifts may occur under similar con

ditions in stagnant atmospheres. The tests are not complete, but the
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data are significant and are as accurate and reproducible as necessary

for this program.

Purification of Cooling Gases

Methods of removing impurities, particularly fission gases, from

the coolants of gas-cooled reactors are being investigated. The effect

of helium carrier gas pressure on the dynamic adsorption of krypton by

charcoal at 25°C has been studied experimentally, preliminary tests have

been made of a number of samples of commercially available activated

carbons with respect to fission-gas retention, and the adsorbers designed

for GCR-ORR loop No. 1 have been evaluated.

In the design of adsorbers for the removal of noble gas fission

products from high-pressure helium, it is highly desirable to have

information regarding the effect of helium pressure on retention times

and on N, the number of theoretical plates. These factors were studied

by obtaining krypton elution curves for helium carrier gas pressures

up to approximately 420 psia with Columbia G activated carbon at 25°C

as the adsorbent and with Kr85 as the tracer. The general techniques

employed and the gas-solid cliromatographlc theory involved were discussed

previously.26 Results of the study are presented in Fig. 6.17, where

the dynamic adsorption coefficient k and N are plotted versus helium

pressure. The k values were determined from the expression

t F
. max
k = ,

m '

where t is the time (min) for buildup of the maximum fission gas

partial pressures in the effluent gas, F Is the volumetric flow rate

measured at the carrier gas pressure in the adsorber (cm3/min), and m

is the mass of adsorbent (g). The N values were obtained with the use

of an abbreviated form of the theoretical equation previously developed.26

26W. E. Browning and C. C. Bolta, "Measurement and Analysis of the
Holdup of Gas Mixtures by Charcoal Adsorption Traps," ORMj-2116 (July
27, 1956).
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Fig. 6.17. Effect of Helium Pressure on Dynamic Adsorption of
Krypton from the Helium Stream on Charcoal at 25°C.

The N values obtained in this manner agreed well with those obtained by

using the calculation method customarily employed In gas-liquid chroma

tography. This suggests that the same process is rate determining in

the two techniques. As may be seen, k is only slightly reduced by the

helium pressures considered; also, although the decrease In E with

pressure is appreciable, this effect does not appear to be serious from

the standpoint of adsorber efficiency. (The behavior of k was to some

extent predictable, since interference from helium adsorption at 25°C

would be negligible, even at 420 psia.)

Fourteen additional samples of activated carbon in a variety of

mesh sizes from five different manufacturers were tested for krypton

retention at room temperature with helium as the carrier gas. The

results of these preliminary tests indicated that most of these materials

would be suitable for certain applications.

The activated charcoal traps designed for use with GCR-ORR loop

No. 1 were evaluated.27 The maximum quantity of fission products that

27R. E. Adams and W. E. Browning, "Evaluation of Activated Charcoal
Fission Gas Adsorbers Designed for the GCR-ORR Loop Experiment No. 1,"
ORNL CF-60-1-24 (March 16, 1960).
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could be expected to be released was calculated, and the resulting

hazard was examined on the basis of probable radiation doses to laboratory

personnel from exposure to the gas cloud. The release was postulated to

have occurred during adverse meteorological conditions when the efficiency

of the gas disposal stack was low. Even with these assumptions which

were intended to make the estimate maximal, the probable total-body

radiation dose was determined to be only 0.55 mr. Therefore, the

consequences of atmospheric disposal of fission products, mainly krypton,

passing through the charcoal traps do not appear to be serious.

Determination of Impurities in Helium

The Greenbrier Chroma-matic 112 process dual-column gas chroma-

tograph, which has been described in previous reports,2 '29 has been

operated throughout its first application on the low-pressure thermal-

convection test loop and is now being used to provide analyses for a

similar test run on the same loop. The maintenance required by the unit

has been negligible. The accumulated experience during approximately

three months of operation and calibration runs during periods between

tests has served to demonstrate that the reproducibility of the chroma-

tograph results Is somewhat better than was reported earlier.29 On the

basis of 36 analyses over a 12-hr period on a sample containing 0.1 to

0.2$ of each contaminant, the coefficient of variation is about 3$ for

H2, ifo for CO, and less than 1% for C02, N2, and CH4. The stability

of the instrument over extended periods is illustrated in Table 6.5.

The calibration analyses were performed periodically on synthetic

samples that were substituted for the samples from the test loop. A

catalytic combustion detector assembly has been received that is expected

to improve the sensitivity of the determination of hydrogen. It will

be installed during the next period in which the chromatograph is not

in use.

28"GCR Quar. Prog. Rep. Sept. 30, 1959," ORNL-2835, p. 151.

29"GCR Quar. Prog. Rep. Dec. 31, 1959," 0RNL-2888, p. 178.
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Table 6.5. Calibration Analyses on Greenbrier Chroma-Matic
112 Process Chromatograph

Analytical

Analytical Results (ppm by volume)

Instrument Date H2 C02 o2 N2 CH4 CO N2 + CO

Process

chromatograph 2/8/60 1100 1110 11 950 1010 1010

2/10/60 1060 1060 10 940 1010 980

2/12/60 1100 1120 11 950 1010 1000

2/15/60 1120 1060 13 950 1000 1000

2/18/60 1070 1060 12 935 995 990

2/24/60 1090 1085 12 945 980 1040

2/26/60 990 1060 9 925 1040

3/l/60 1090

10#0 av

1080

10^0 av

11 935 980 1035

11 av 940 av 1000 av 1010 av 1950 av

Laboratory

chromatograph 1100 1110 950 1010 1010 1960

Mass

Spectrometer 1090 1280 984 1950

The Consolidated Electrodynamics moisture monitors have not, as

yet, been completely satisfactory. The basic component in these

instruments is the electrolytic cell, which consists of two platinum-

wire electrodes closely wound In a double helix on the inner surface of

a glass tube. These electrodes are coated with a thin film of phosphorus

pentoxlde that quantitatively absorbs the moisture from a stream of

sample gas which flows at a regulated rate of 20 cm3/min. A potential

is applied across the electrodes to effect electrolysis of the absorbed

water. Since the resistance of the electrolyte film increases as

water is removed, the cell approaches a steady state in which the

concentration of the water remains constant. The current is then equal

to that required by Faraday's law for the electrolysis of the moisture

from the gas stream. A microammeter in series with the cell Is calibrated

to read concentration directly in ppm by volume. Attenuator circuits

are provided to extend the concentration range to 20 000 ppm. The

instrument is specified to provide a measurement of moisture concen

tration, accurate to ±5% in all gases except those that react with

P205, such as ammonia, hydrogen fluoride (which is electrolized), and
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hydrogen (which promotes recombination of the oxygen that results from
electrolysis).

The proposed applications of these instruments included the

measurement of concentrations of water up to 2000 ppm in the loop

atmosphere, which may contain hydrogen concentrations up to 5%, and the

measurement of water in a saturated helium stream which is used for the

controlled injection of water into the test loop. During initial

operations the cells In instruments used in both applications failed by

shorting after a few hours of use.

Examination of the cells used for the analysis of the loop atmosphere

revealed that they had become shorted by metallic particles from the

tubing in the sample system or by liquids distilled from the graphite

in the test loop. After the cells were cleaned and recoated, the

instruments were found to provide accurate measurements at concentrations

up to 3000 ppm and to give satisfactory service for periods of several

weeks. The accuracy has been established by calibration in the laboratory

with helium equilibrated with water at reduced temperatures and by

comparison of analyses of loop samples with those obtained by dew-point

measurements. In agreement with reports from the manufacturer, negligible

errors of 10 to 30 ppm are introduced by the addition of 10$ hydrogen to

the samples. The magnitude of these errors appears to be independent of

the concentration of water in the sample, but the magnitudes differ

for each cell.

The monitors have not been found to be dependable for the measurement

of concentrations of water near ifo. Cell failures have occurred after

periods from a few hours to several days. A metallic connection between

the electrodes appears to be responsible for the failure because the

shorts are removed only by washing with nitric acid or nitric acid

followed by hydrochloric acid. Microgram quantities of copper have

been found in the nitric acid washing solution, and iron, chromium,

nickel, and copper are present in the hydrochloric acid washing solution.

Because metallic particles have been carefully eliminated from sample

lines and cell failures have been observed to occur slowly, shorting is

believed to result from electrolytic deposition of metallic dendrites
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on the cathodes. Significant positive errors and more rapid failure of

cells are brought about by the addition of 10$ of hydrogen to the

samples. These phenomena may be the result of a catalytic effect of

the metallic deposits on the recombination of hydrogen and oxygen and

a mass action effect of the hydrogen. Current efforts are directed

toward finding the source of the metallic contaminants and eliminating

them.

Determination of Oxygen-to-Uranium Ratios in U02 Pellets

An investigation has been undertaken to develop a method for the

determination of U03 in U02 fuel pellets by reduction in a hydrogen

atmosphere. Since higher oxides are reduced to U02, the water produced

by this reaction would be proportional to the oxygen present in excess

of a 2:1 mole ratio. In the proposed method a powdered sample of U02

•will be placed In a heavy gage platinum boat in a quartz combustion tube

which will be evacuated to remove adsorbed oxygen. The sample will

then be Ignited with an induction furnace in a stream of rapidly flowing

hydrogen which will subsequently pass through a liquid nitrogen cold

trap. When the water produced by the reaction,

U03 + H2 —* U02 + H20 ,

has been collected in the cold trap, the trap will be connected to a

stream of dry helium that will pass through the cell of a modified

Consolidated Electrodynamics moisture monitor. The trap will then be

warmed to transfer the water to the cell of the moisture monitor in

which it will be absorbed and quantitatively electrolyzed. The excess

oxygen will then be calculated from the integrated current-time product

of the current required for the electrolysis. The use of the coulometric

method for the measurement of water is, of course, dependent on the

resolution of the problems mentioned above in the use of the mositure

monitor for the determination of high concentrations of moisture.
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Alternate methods for the determination of the trapped water include

tensiometrie measurement or conversion to acetylene, which can be

determined by a gas chromatographic technique.
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7. DEVELOPMENT OF TEST LOOPS AND COMPONENTS

ORR Gas-Cooled In-Pile Loops

GCR-ORR Loop No. 1

Design work is nearing completion on GCR-ORR loop No. 1, the ORR

installation layout, the auxiliary services, and the instrumentation and

controls. Fabrication of all main loop components, that Is, the in-pile

section, transfer station, heater, regenerator, cooler, and compressor

vessel, is also nearly complete. Installation of the loop in the ORR was

started during the March reactor shutdown.

In the ORR building, off-gas piping to the vacuum pump has been in

stalled beneath the basement floor and through the pool standpipe. In

stallation of wireways and service piping is under way. Fabrication of

the three charcoal adsorbers is complete, and the shielded compressor

cubicle is being installed on the lower pool balcony. The motor-generator

sets for the compressor drive motors and the vacuum pump have been set.

A flux-monitoring test was run in the B-l lattice position during

the January ORR shutdown. The test elements have been disassembled, and

the data are being analyzed. The thermocouple calibration test was

completed, and a preliminary examination of results indicates that the

cooling gas stream has little effect on the fuel element cladding thermo

couples at any velocity or temperature. An underwater test of the trans

fer station and fuel element insertion and removal system was started.

The fabrication of instrument panels and racks is well advanced,

and remote tools for underwater maintenance at the ORR are being assembled.

Components for the first fuel element assembly are being machined.

GCR-ORR Loop No. 2

Design of the loop No. 2 components, such as the evaporators, con

denser, charcoal adsorbers, etc., is approximately 70$ complete. Design

studies of the loop cell enclosure and the required building services

have been initiated. Existing equipment adjacent to the ORR-HS beam
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hole has been removed. The design of a new facility plug and liner for

the beam hole is approximately 80$ complete.

Gamma-ray heating calculations were made for the liner area adjacent

to the reactor core. A maximum value of 2.7 w/g was found for the particu

lar core loading chosen at a reactor power level of 45 Mw.1

A full-stream coolant filter was designed for installation between

the cooler and compressors at a point in the loop where the gas tempera

ture will be approximately 600°F. The design specifies a commercially

available pleated-glass-paper filter element suitable for use at tempera

tures up to 1000°F that has a rated dioctyl phthalate (smoke) efficiency

of 99.9$ for 0.3-u particles.

A redesign of the charcoal adsorber traps has been made in an attempt

to reduce the total weight of the trap and shield. Cooling the traps to

-50°F is expected to make possible the desired weight reduction.

A preliminary investigation of cell ventilation requirements has been

made. An existing duct will handle the required gas volume, but an aux

iliary blower will be needed to provide adequate head to operate the

filter, scrubber, and charcoal bed needed in the cell exhaust gas system

and to maintain a negative pressure in the cell.

A compact, extended-surface type of regenerator has been ordered.

The helium buffer region in the original heater design has been replaced

with an atmospheric air containment region in order to minimize the

problem of arcing across electrical leads because of ionization of helium

at the expected temperatures. A test was conducted to determine whether

any difficulties would be encountered in welding the heater cartridges

to the header. The test welds were satisfactory, and it was decided to

make the header of Inconel so that the many welds between header and

cartridge would not be made between dissimilar metals.

Although it was determined that the use of a reflective type of

insulation for the loop piping would result in only slightly less heat

1P. H. Pitkanen, "Gamma-Ray Heating in the South Facility of the
ORR," ORNL CF-60-2-40 (February 9, I960).
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loss than the use of ordinary insulation, the advantages of easy removal,

replacement, and cleaning make the reflective type a desirable choice.

Data required for a proposed analog simulator study of loop operation

have been assembled.

Design conditions were determined for tests of graphite-clad fuel

elements consisting of uranium dispersed in graphite, and loop tempera

ture profiles were established. The zero power design conditions have

been revised to keep the maximum loop piping temperature below 1470°F.

The design of the cell shielding walls has been changed from 3 ft

of dry-packed magnetite ore to 4 ft of barytes concrete in order to ob

tain the required neutron shielding.

It has been decided that direct viewing of remote operations within

the cell will be accomplished with a single, lead-glass, zinc-bromide

window located opposite the beam hole plus one or more optical viewing

devices along the length of the cell. A dummy plug will be required to

permit access to the cell at times when the loop is not operating, the

test plug Is withdrawn, and the reactor is at power. The handling and

storage problems connected with the relatively long concrete dummy plug

considered earlier have been eliminated by a design which provides the

necessary shielding by a combination of filling and 10-ft-long test

plug opening with circulating reactor coolant water plus a 6- to 12-in.-

thick lead end cap.

EGCR Experimental Loops

Design Status

Criteria have been developed for the helium- and carbon dioxide-

cooled experimental loops In the EGCR. Each loop is to be capable of

dissipating 1.5 Mw of power with inlet and outlet temperatures of 600

and 1050°F, respectively, and is to be capable of operating at a maximum

inlet temperature of 950°F at a reduced power output. Outlet coolant

temperatures of above 1050°F from the test element may be achieved by

attemperation of the exit gas. The normal loop pressure was set at 500

230



psia, with maximum capability of 1000 psia. Conceptual designs of the

loops are being prepared. Prime consideration was given to those features

that affect the reactor design, that is, loop power requirements, nozzle

design, utility requirements, experimental cell penetrations, cell shelter,

and crane design.

Design studies of the main loop components are under way, and, in

some instances, they have progressed to the point where experimental in

vestigations are required to verify some of the design assumptions. The

components being studied consist primarily of the main-line filters, gas

coolers, gas heater, and auxiliary equipment, such as storage tanks, the

charcoal adsorber bed, and the transfer pumps„ In addition, a survey of

vendors was undertaken to find suitable valves for the service conditions

in the loops. Preliminary layouts of the equipment and piping in the

experimenter's cell are being made in order to determine a suitable

arrangement consistent with ease of maintenance and minimum piping stress.

With the new symmetrical cell layout furnished by the architect-engineer,

one equipment layout will suffice for all cells that contain helium- and

carbon dioxide-cooled loops.

Experimental Fuel Element Handling. A study of handling problems

associated with experimental fuel elements was initiated. Methods of

final Inspection, handling the fuel assembly In the EGCR vapor container,

and preparing irradiated specimens for shipment to examination sites were

defined, with particular emphasis placed on areas of interference with

the present design.

A revised design of the reactor servicing machine indicates that the

maximum length of experimental stringer that can be handled has been in

creased from 33 1J2 to 38 ft. In order to utilize the full height of the

core for instrumented fuel stringers, however, stringers 47 ft long would

be required. Therefore a study was made of methods of inserting and

removing experimental fuel assemblies from the through tubes. Three

schemes are being considered. In one scheme a service machine capable

of winding a portion of the length of the Instrument leads onto a large-

diameter revolving drum would be used. This concept results In a machine
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having an over-all height of 41 l/2 ft and weighing approximately 88 tons.

In another scheme a service machine would be used that had sufficient

length to receive a 47-ft experimental assembly without coiling or other

wise collapsing the instrument leads. This machine would have an over

all height of about 57 ft and would weigh approximately 80 tons. In the

third scheme the present EGCR service machine would be modified to permit

it to handle experimental fuel assemblies. The modified machine would

have an over-all height of about 57 ft. Cost estimates were presented

for each of these concepts.

Cooling Water for Experimental Facilities. An examination of the

demineralized cooling water requirements for the experimental facilities

was made. A sufficient supply will be available to remove 15 Mw of heat

with a permissible temperature rise from 100 to 130°F.

An estimate of the heat loss from the equipment in the experimental

cells has been made based on 4 in. of Thermobestos insulation on the

equipment. The calculations gave a heat loss of approximately 30 kw,

which will be removed by the heating and ventilation system and by other

supplementary cooling means, such as river water.

Loop Kinetics. Three kinetic problems concerning the loops were in

vestigated by numerical methods. This work was preliminary to the analog

simulator study. The numerical results were used primarily in establishing

specification for long-lead-time items, such as compressors. Three problems

were considered: the complete loss of power upon failure of the emergency

power system; the loss of one loop blower in a set, along with no compen

sating speed increase of the remaining blowers; and a reactor scram with

out a loop scram, that is, with the loops continuing to operate. Several

cases were run on each problem. The total of 16 cases studied Included

variations In test specimens, number of blowers, reactor scram time,

blower coastdown time, and test section attemperation. Both helium and

carbon dioxide were considered as coolants.

The maximum rates of change of the test specimen surface temperatures

were found to be as much as 60°F/sec under some conditions. With blower

and blower motor-generator coastdown times of the order of 30 sec, it was
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found that approximately 1 min could be used to establish emergency power.

The calculations indicated that, upon failure of a blower, the surface

temperature of the test specimen would rise 400°F in 10 sec. With a

reactor scram and no adjustment in the loop, the cooling gas temperature

would drop as much as 400°F in 8 sec. There would be essentially no

natural-convection cooling in the loops.

Process Analysis

Flowsheet. A flowsheet for the primary experimental system components

is presented in Fig. 7.1, and Fig. 7.2 shows a proposed auxiliary gas-

handling system.

The primary experimental system flowsheet Indicates the components,

piping, and arrangement required to remove the heat generated in a test

fuel element. The equipment consists of a set of three compressors, the

fuel element test section in one of the eight through tubes in the reactor,

©--.

COMPRESSORS
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ORNL-LR-DWG 46002A

h^ht^-

Fig. 7.1. Primary Coolant System Flowsheet for EGCR Experimental
Loops. Numbers refer to entries in Table 7.1.
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Fig. 7.2. Auxiliary Gas-Handling System Flowsheet for EGCR Ex
perimental Loops.

a cooler to remove the heat generated, a set of parallel filters, a

heater to regulate the gas temperature, and flow control valves. Con

ditions corresponding to the appropriate points on the flowsheet are

shown in Table 7.1 for helium and C02 as the cooling gases.

The primary functions of the gas-handling system are to store the

gas (He or C02) when it is not in use in the primary loops and to remove

radioactive contamination from the gas by decay or by circulating the

gas through the cleanup system before returning it to the in-pile loops

or before discharging it from the stack. The basic components of the

gas-handling system are shown in Fig. 7.2. All components that will

contain high-pressure gas and those that may become contaminated with

radioactivity are located in a special shielded compartment within the

experimenter's cell space.

Tanks are provided for storing the gases required to fill the ex

perimental loops. A loop will be filled by bleeding gas directly Into
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Table 7.1. Coolant Flow Conditions at Various Points for Four Operating Conditions of the EGCR
In-Pile Experimental Loops With Helium and With C02

Nominal Operating Conditions

I II III IV

Loop power g ;neration, kw 1500 1500 334 334

Gas pressure psia 500 1000 500 1000

Inlet gas temperature, °F 600 600 950 950

Outlet gas temperature, °F 1050 1050 1050 1050

Point
I II III IV

in

System
Pressure

(psia)
Temperature

(°F)
Pressure Temperature

(psia) (°F)

Lon with Helium at a PI

Pressure Temperature
(psia) (°F)

ow Rate of 9190 lb/hr

Pressure

(psia)
Temperature

(°F)

Operat

1 481.00 550 975.00 550 489.00 900 991.00 900

2 481.00 550 975.00 550 489.00 900 991.00 900

3 481.00 600 975.00 600 489.00 950 991.00 950

4 481.00 600 975.00 600 489.00 950 991.00 950

5 481.00 600 975.00 600 489.00 950 991.00 950

6 500.00 600 1000.00 600 500.00 950 1000.00 950

7 500.00 1050 1000.00 1050 500.00 1050 1000.00 1050

8 500.00 1050 1000.00 1050 500.00 1050 1000.00 1050

9 500.00 534.3 1000.00 534.3 500.00 883 1000.00 895

10 500.00 534.3 1000.00 534.3 500.00 888 1000-00 895

11 500.00 534.3 1000.00 534.3 500.00 888 1000.00 895

12 500.00 534.3 1000.00 534.3 500-00 888 1000.00 895

13 500.00 534.3 1000.00 534.3 500.00 888 1000.00 895

14- 500.20 534.3 1000.50 534.3 500.00 888 1000.40 895

Operat Lon with CO2 at a Flow Rate of --41 000 lb/hr

1 500.50 550 1000.00 550 500.00 900 1000.00 900

2 499.62 550 999.49 550 500.00 900 1000.00 900

3 497.12 600 998.24 600 500.00 950 1000.00 950

4 496.78 600 998.13 600 500.00 950 1000.00 950

5 496.58 600 997.95 600 500.00 950 1000.00 950

6 496.24 600 997.73 600 500.00 950 1000.00 950

7 469.94 1050 945.13 1050 500.00 1050 1000.00 1050

8 469.26 1050 944.80 1050 500.00 1050 1000.00 1050

9 466.76 533 943.45 536 500.00 890 1000.00 890

10 466.42 533 943.23 536 500.00 890 1000.00 890

11 466.22 533 943.05 536 500.00 890 1000.00 890

12 465.88 533 942.94 536 500.00 890 1000.00 890

13 464.08 533 941.69 536 500.00 890 1000.00 890

14 463.00 533 941.00 536 481.00 890 980.00 890

the system until an equilibrium pressure has been reached. The transfer

compressor set will then be used to produce the desired pressure. The

transfer compressors will also be used to transfer gas from the loop back

into the storage cylinders. The storage cylinders will have separate

connections to the transfer compressor suction and discharge so that a

portion of contaminated coolant can be temporarily stored and then re

circulated through the cleanup equipment.
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Estimated System Pressure Drops. Based on the loop design criteria

summarized in the previous report,2 estimates of the pressure losses in

the proposed loop systems have been made. The total pressure drop through

the system includes: (l) the pressure drop through the in-pile test

section, which was proportioned so that the pumping power allocated to

this portion of the loop would not exceed 2$ of the maximum loop power

of 1.5 Mw; (2) the pressure loss through the loop piping; and (3) pressure

losses through the loop equipment, which was assumed to consist of a cooler,

six valves in series, hot gas filters, and a heater in the primary circuit.

Since equipment designs have not been completed, the estimated pressure

drops through the equipment were based on data derived from other loops.

The total estimated system pressure drops were determined as a

function of mass flow rate for both helium and carbon dioxide at 500 and

1000 psia, respectively. Analyses were made for maximum power operation

at 1.5 Mw with the gas inlet temperature at 600°F and the outlet tempera

ture at 1050°F. Also, since the loops are to be capable of operating at

a maximum inlet temperature of 950°F at a reduced power, an analysis was

made of the mass flow rates and corresponding pressure drops under these

conditions in order to determine the maximum anticipated loop power at

elevated temperatures. In all cases, It was assumed that the exit gas

from the test section would be attemperated to 1050°F. Representative

graphs of the Individual and total system pressure drops under the nominal

basic design conditions of 500 psia and 600°F inlet temperature to the

test section are shown for helium and C02, respectively, in Figs. 7.3

and 7.4.

Gas Cooler. The gas cooler for the loops must meet the four con

ditions specified in Table 7.2 for operation with helium and with C02.

The water flow to the gas cooler will remain constant at a given power

setting. The inlet water temperature will be 120°F and the outlet water

temperature will be 150°F.

2"GCR Quar. Prog. Rep. Dec. 31, 1959," 0RNL-2888, p. 186.
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Fig. 7.3. Estimated Pressure Drop in Experimental Loop System with
Helium as the Coolant.
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Fig. 7.4. Estimated Pressure Drop in Experimental Loop System with
C02 as the Coolant.
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Table 7.2. IMomlnal Gas Cooler requirements

Heat removal rating, kw

Heat generated in test
specimen

Heat generated in 50°F
rise through heater

Heat added by compressor

Total

Inlet gas temperature, °F

Outlet gas temperature, °F

Total gas flow to and from

cooler, lb/hr

Nominal gas pressure, psia

Heat removal rating, kw

Heat generated in test
specimen

Heat generated in 50°F

Operating Conditions

II III IV

Helium

1500 1500 334 334

166.7 166.7 166.7 166.7

52.2 34.2 39.8 16.6

1718. 9 1700.9 540.5 517.3

1050 1050 1050 1050

534.3 539.7 888 895

9190 9190 9190 9190

500 1000 500 1000

CO;

1500 1500 334 334

rise through heater 157 159 167 169.5

Heat added by compressor 49.7 47.2 30.7 16.9

Total 1706.7 1706.2 531.7 520.4

Inlet gas temperature, °F 1050 1050 1050 1050

Outlet gas temperature, °F 534.2 535.2 890.8 895

Total flow to and from

cooler, lb/hr 41 300 40 700 41 000 41 000

Nominal pressure, psia 500 1000 500 1000
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The two principal components of the proposed design for the cooler,

as shown in Fig. 7.5, are the valve assembly and the heat exchanger

section of the cooler. The valve assembly Is made up of a three-way

valve and an actuator located at the top of the cooler. The valve and

actuator must be within the primary containment vessel for the process

gas and secondary containment vessel surrounding the complete assembly.

Either a canned-motor actuator or a conventional actuator with a bellows-

sealed shaft surrounded by a second containment shell may be used.

The heat exchanger consists of three concentric tubes that form an

insulated center channel for the bypass stream, an annulus for the main

gas stream, and an outer annulus for the cooling water. The heat transfer

section is a counterflow heat exchanger, and the coolant In the outer

tube is demineralized water. The cooling water flow is maintained constant

and is determined by the maximum heat removal rating of the cooler. The

heat removal Is controlled by passing gas down the center tube as required

to maintain its desired temperature.

Gas Filters. A preliminary design study of the main-line filter

units has been completed. It appears that a suitable filter can be de

signed to fit within a 24-in. sched.-80 stainless steel pipe section which

is capable of a maximum allowable working pressure of 1380 psi at 1050°F

if fabricated from type 347 stainless steel according to the 1956 ASME

Unflred Pressure Vessel Code. The filter can be assembled with Fiberfrax,

a commerlcally available material which is capable of filtering 1-u

particulates at greater than 99$ efficiency at temperatures up to 2000°F

for prolonged periods. Also, manufacturers have available, as standard

items, corrugated asbestos—ceramic paper filters that are claimed to

filter 99.95$ of all particles greater than 0.3 u in size at temperatures

in the range of 1600 to l800°F. Several alternate designs have been pre

pared that are based on both types of filters. Two of the designs are

presented in Figs. 7.6 and 7.7.

In order to facilitate maintenance, it is presently planned to in

stall two joints on the filters. One plan for servicing the filter units

requires a remotely operable 24-in. mechanical joint or closure. Leak
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VALVE ACTUATOR

4-in. SCHED.-40 PIPE

WATER OUTLET-

He OR C02 FULL FLOW ANNULUS

EXPANSION JOINT WITH

PROTECTIVE COVER —-.

'• •••))», i^nptfc-^htaj

UNCLASSIFIED
ORNL-LR-DWG 45283A

DOUBLE CONTAINMENT

HOT GAS INLET

l2-in.SCHED.-80 PIPE

10-in. SCHED.-80 PIPE

INSULATED TUBE

I
TO EXPERIMENT

ER'S CELL

Fig. 7.5. Cooler of Primary Coolant System for EGCR Experimental
Loops,
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(V)

6-in. SCHED.-80 NOZZLES

UNCLASSIFIED

ORNL-LR-DWG 47132

OUTLINE OF STANDARD ASA 1500-lb,
24-in. FLANGE

24-in. CONOSEAL PIPE JOINT

FILTER HOLDDOWN CLAMP

AND LIFTING BAIL

SEALING GASKET AND FLANGE

PERFORATED PLATE AND SCREEN RETAINER
CYLINDERS FOR FIBERFRAX FILTER

24-in , SCHED.-80, SA-213, TYPE
347 STAINLESS STEEL

MAXIMUM ALLOWABLE WORKING

PRESSURE = 1380 psi AT 1050°F

Fig. 7.6. Hot-Gas Filter for EGCR Experimental Loops
Using Fiberfrax as the Filter.

CORRUGATED ASBESTOS
FILTER PAPER-

UNCLASSIFIED
ORNL-LR-DWG 47133

FILTER HOLDDOWN

CLAMP AND LIFT-

NG BAIL

Fig. 7.7. Alternate Hot-Gas

Filter for EGCR Experimental Loops
Using Corrugated Asbestos Paper as
the Filter.



tightness and accessibility are the main criteria. A method of mounting

the filter for remote removal of the filter element into a shielded

transfer cask is shown in Fig. 7.8.

Gas Heater. The electric heater design study has been completed.

The criterion for the study was that sufficient electric heat be provided

in the inlet to each through tube to raise the inlet gas temperature a

maximum of 50°F to provide for heat losses and other contingencies. The

design power of the heater will be ~200 kw.

A "Radi-Fin" heater element appears to have the combination of low

pressure drop, ease and accuracy of control of exit gas temperature,

compactness, and reliable high-temperature operation required. Because

of the high pressure (500 to 1000 psia) and temperature (600 to 950°F)

of the gas, some difficulty is anticipated in designing and/or procuring

suitable electric lead-in bushings for supplying power to the heater

elements. A concept of the heater with a proposed method of conducting

the heater leads through the pressure vessel closure in buffered hermetic

seals Is shown In Fig. 7.9.

Gas Sampler. An important function in the operation of an experimental

loop is the ability to extract safely representative samples of gas from

strategic points in the loop system for analysis. A system for performing

this operation is shown in Fig. 7.10. The sample bomb and mechanism which

make the operation possible are shown in Fig. 7.11. The sampling system

is complicated by the high pressure and high temperature of the gas and

the fact that the gas may be radioactive. The sampler shown by Fig. 7.11

is based on a design proposed by the British that was modified to suit

conditions in the EGCR loops.3

Gas-Handling System Components. The gas-handling system components

shown in Fig. 7.2 consist essentially of the cleanup equipment (charcoal

traps), the transfer pumps, and the storage tanks. A study of the re

quirements for removal of fission products from the gas stream is currently

3R. R. Bell et al., "H.T.G.C. Pluto Loop 'A'," p. 20, U.K.A.E.
Research Group, HTRDC-P.25 (November 1958).
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Fig. 7.8. Equipment for Remotely Controlled Removal of Hot-Gas
Filter.
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HYNES RADI-FIN
HEATERS
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REDUCER-
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Fig. 7.9. Gas Heater for EGCR Experimental Loops.
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Fig. 7.10 Gas-Sampling System for EGCR
Experimental Loops.
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Fig. 7.11. Gas Sampling Device.





apparatus was designed for imposing bending moments and axial loads on

mechanical joints in pipe sizes from 2 l/2 to 12 in. operating at tempera

tures and pressures up to 1000°F and 400 psig, respectively. Fabrication

of this apparatus is under way. A 10-in. Conoseal joint will be tested

initially.

The tests conducted on 2 1/2-in. joints are described in Table 7.3.

The thermal cycling tests were carried out with the joint mounted in an

electric furnace. The tabulated temperatures represent the average

temperature of the entire joint, including the clamping mechanism. In

this respect the test condition is more severe than that which would be

present in a typical high-temperature gas line application where the

bolts and clamps would normally be at lower temperatures than the body

of the joint.

Double-gasketed, gas-buffered, mechanical joints are being evaluated

for use in experimental loops which will operate with gases containing

radioactive fission products. Orders were placed with DSD Manufacturing

Company, Marman Division of Aeroquip Corporation, and Hydrodyne Corpora

tion for 2 l/2-in, sched.-80 joints of this type. The joints must be

suitable for operation at 1500°F with an internal pressure of 300 psig

and a buffer pressure of 400 psig. Specified maximum helium leakages

are 1 X 10"6 cm3/sec from the buffer zone to the system and 1 X 10~2

cm3/sec from the buffer zone to the atmosphere.

Three double-gasketed joints of the type shown in Fig. 7.13 were re

ceived from DSD Manufacturing Company. These were leak tested at room

temperature, and each joint exhibited leakage rates greater than the

maximum values which can be measured with a helium leak detector

(~2 X 10~4 cm3/sec). A nitrogen supply was therefore connected to the

buffer zone through a flowmeter, and the total leakage was measured at

various buffer zone pressures. The leak rates obtained in this manner

are presented in Table 7.4.

The joints were furnished with a surface finish of 125 rms on the

flat flange face. In an effort to lower the leakage rate, the flange

face of joint 3 was lapped to a 16 rms finish before testing. The
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Table 7.3. Results of Tests of 2 l/2-in. Stainless Steel Conoseal Mechanical Joints

Joint Gasket

No. No.
Description of Test

Maximum Helium

Leakage Rate

(std cm /sec)
Remarks

248

Torque increased from 40 ft-lb 8.0 X 10
to 120 ft-lb and then decreased

to 10 ft-lb in 20 ft-lb incre

ments; joint pressurized to 4-00
psig at each torque condition
and then evacuated and helium

leak checked

Same as for gasket 1 except that 2.7 X 10"
leak checks were started at a

torque of 10 ft-lb

Same as for gasket 2 except that 3 X 10"6
the maximum torque applied was
50 ft-lb

The joint was made up with a 10
ft-lb torque applied to the
bolts, placed in an electric
furnace, and pressurized to 375
psig; leakage rates were
measured at each of the follow

ing temperatures:

Room temperature 4 X
500° F 4 X

1000°F 1.9

1200°F 4 X

500° F

-7

io-9
lO"10
x 10'
n-10

10"

Excessive

(>2 x lO-^)

•10

The joint was made up with a
60 ft-lb torque applied to the
bolts, loosened, and retightened
to 50 ft-lb torque; it was then
exposed to the following thermal
cycling and pressure cycling
program:

a. Ill thermal cycles between 5.9 X 10"
room temperature and 500°F
and 14- pressure cycles
between atmospheric pres

sure and 375 psig

b. 106 thermal cycles between
500 and 1000°F and 12

pressure cycles between

atmospheric pressure and
375 psig

c. 23 thermal cycles between
700 and 1200°F and 6 pres
sure cycles between at

mospheric pressure and
375 psig

The joint was made up with an

initial 85 ft-lb bolt torque
and a final torque of 50 ft-lb;
it was thermally cycled 12
times between 700 and 1200°F,
and the following leakage rates
were measured:

Before cycling
After first cycle

After 12 cycles

5.1 x 10"

Excessive

(>2 X 10"*)

2.75 X 10"

<1.1 X 10"

>2 X 10-

Joint will seal with a torque

of aboat 10 ft-lb applied to
the bolts, and the quality
of the seal is not substan

tially improved at higher

torque; the leakage rate did

not substantially increase

until the torque was reduced
to below 10 ft-lb

Bolt torques higher than that

required to seal the joint

are necessary to prevent ex

cessive leakage under thermal-

cycling conditions

The joint will remain tight
under thermal-cycling
conditions with 1000°F

maximum temperatures but

may leak under thermal-

cycling conditions if the

maximum temperature is in
creased to 1200°F

Efforts to reseal gaskets 5
and 6 by retightening with
out replacing the gaskets

were unsuccessful





excessive leakage of all the joints at room temperature and low pressures

indicates, however, that this type of joint is not suitable for helium

service without further improvement.

Table 7.4. Leakage Rates of Double-Gasketed,
Gas-Buffered, Mechanical Joints

rl2 Pressure in
Buffer Zone

N2 Leakage Rate (cm3/min)

(psig) Joint 1 Joint 2 Joint 3

10 16 14 6

20 35 27 8

30 60 41.5 10

40 90 69 13

50 110 85 17.5

Special Gas Compressors and Electric Motors

Grease-Lubricated Centrifugal Compressors

A grease-lubricated centrifugal compressor has satisfactorily com

pleted a 3000-hr endurance test while operating at 12 000 rpm with helium

at 590CF and 400 psig (suction conditions). The total operating period

was accumulated without shutdown, except for repairs to the gasoline-

driven electric generator sets. During this report period, the compressor

has been operated intermittently at 12 000 rpm with helium at 400 psig

and 600°F to suit the requirements of the thermocouple calibration test

that is now being conducted.

Regenerative Compressors

A prototype regenerative compressor unit has been operated con

tinuously in the high-temperature test loop for approximately 150 hr at

9000 rpm with helium at 385 psig and 600°F (suction conditions). Com

pressor performance data were taken at several speeds, and curves of

head versus flow are presented in Fig. 7.14. Several tests were made
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24,000

UNCLASSIFIED
ORNL-LR-DWG 47(35

Fig. 7.14. Performance Characteristics of Prototype Regenerative
Compressor (HECT-2) Operating with Helium at 385 psig and 600°F.

to determine the effects of sudden pressure loss and temperature drop on

compressor performance, and it was deduced that there were no deleterious

effects.

A compressor unit for GCR-ORR loop No. 1 was assembled and installed

in the test loop for proof-testing. After 100 hr of operation at 9000

rpm with helium at 385 psig and 600°F (suction conditions), the compressor

failed while performance data were being taken. Prior to failure, the

vibration and noise level of the compressor were thought to be above

normal. The unit was disassembled, and it was found that the impeller

had rubbed against the outboard housing. Further inspection of the

rotary element revealed a faulty bearing at the impeller end of the com

pressor. A close scrutiny of the damaged grease-lubricated bearing

showed that one ball was missing (l4 balls were found Instead of the 15

required). Weight comparisons with other identical bearing assemblies
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and the lack of debris indicated that the missing ball had probably not

been installed at the factory. Two other compressor units are being

assembled.

Compressors with Gas-Lubricated Bearings

A gas-lubricated test bearing having a length-to-diameter ratio of

0.5 and a diametral clearance of 0.0054 in. was operated for 1 hr and

18 min with a maximum load of 18 lb at a maximum speed of 12 000 rpm.

This load represents a unit loading of 4 psi. Testing was stopped for

repairs to the capacitance-gage equipment. During subsequent test runs

with this bearing and with two other bearings, rubbing noises were

evident. Reducing the unit loading did not remove the rubbing. The

journal surface was therefore measured, and it was found to have a taper

of 400 uin. and a total indicator runout of 200 uin., which may have

contributed to the rubbing. A new journal 1.5 in. in diameter has been

fabricated, and two bearings with a length-to-diameter ratio of 1 are

being made. Testing will be resumed with these bearings.

All components of the loop for testing the Bristol-Siddeley com

pressor are being fabricated. The loop will be assembled prior to

receipt of the compressor, which is still undergoing testing at the

factory. The compressor has been tested at the full operating speed

(15 050 rpm) at temperatures up to 750°F, and tests at the design opera

ting temperature of 1000°F are under way.

Compressor for High-Temperature Electric-Motor Test System

In order to be able to vary the static loading on the GABE I com

pressor journal bearings, the loop stand is being designed to permit

tilting from horizontal to vertical. This requirement places a limit on

the size of the loop and heat exchanger configuration. The available

area for the heat exchanger will provide for steady-state operation at

compressor suction temperatures between 225 and 800°F.

The compressor design was modified to include a tachometer pickup

capable of operation to 800°F. The flowmeter has been received, and the
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throttling valve, pressure vessel, heat exchangers, and motor-generator

set are on order. The electrical and gas control designs were completed.

Compressors for ORR In-Pile Loop No. 2

A specification for two centrifugal-type compressors having gas-

lubricated bearings to be operated in series was submitted to 11 com

pressor manufacturers. Four bids were received, and the proposals are

being evaluated. In particular, each manufacturer's promised delivery

date is being weighed against an estimate of the time required to develop

rotary assemblies supported on gas-lubricated bearings. In order to

meet the loop construction schedule, a backup design that consists of a

modification of the centrifugal compressor is being considered.

Compressors for EGCR Experimental Loops

Head and flow requirements for operation of the EGCR loops with both

helium and carbon dioxide were established. A study of various compressor

arrangements was then made, and a set of three compressors operating in

series was chosen to meet the specified wide range of operating conditions.

A primary consideration was that the same compressors must meet all loop

test conditions when operating on either helium or carbon dioxide at com

pressor inlet conditions of 550 to 900°F and 500 to 1000 psia. In the

event of failure of one compressor, the design coolant flow rate will be

re-established by increasing the speed of the remaining operational com

pressors rapidly enough to prevent an excessive temperature rise in the

test fuel element. In the event of failure of a second compressor, it

is required that the remaining compressors provide sufficient cooling

for an orderly shutdown of the reactor. A specification for centrifugal

compressors supported on gas-lubricated bearings was prepared. Based

on preliminary information from a number of compressor manufacturers,

the specifications were submitted to five firms, and two additional

sources requested that the inquiry be sent to them.
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Study of Back Diffusion Through Labyrinth Seals

Test apparatus has been completed for a study of back diffusion of

buffer oil or water vapor against the flow of helium through labyrinth-

type seals. The initial studies and tests are being conducted with water

as the buffer fluid and dry air as the coolant gas at a temperature of

about 500°F and a pressure of about 100 psig. The dry-air tests will be

conducted for a range of pressures up to about 300 psig prior to using

helium.
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