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PREFACE

The Maritime Gas-cooled Reactor (MGCR) Program was initiated on

February 17, 1958, under Contract AT(0)4-3)-187 between the U. S. Atomic

Energy Commission-Maritime Administration and General Dynamics Corporation.

The over-all project responsibility is assigned to the General Atomic

Division of General Dynamics, and the project is carried out by a staff

of technical personnel assigned from the Corporation's General Atomic and

Electric Boat Divisions. Westinghouse Electric Corporation is subcontractor

to General Dynamics for the development of turbomachinery for the project

and has participated in the project work since August 20, 1958.

The major objective of the MGCR Program is the development of a nuclear

powered marine propulsion system utilizing a high-temperature, gas-cooled

nuclear reactor, closed-cycle gas-turbine power plant.

The power plant is being designed to provide high thermodynamic

efficiency, simplicity of design, with attendant ease of operation, low

maintenance costs, and maximum efficiency of operation over a wide range

of power settings.





SUMMARY

REACTOR DEVELOPMENT

During the quarter, reactor design proceeded with emphasis on fuel

element design. Two fuel element concepts were chosen for development.

Both were based on the concept of 19-rod clusters with spiral spacers.

One uses 1/4 in. dia. rods with pure U02 fuel bodies; the other uses 3/8

in. dia. rods with UO2-BeO fuel bodies. Either type can be arranged in

a hexagonal or round pattern.

Air flow tests are under way to determine the friction factor and

temperature distribution in both round and hexagonal arrangements.

A program is planned for more detailed study of the fluid flow-heat

transfer problem in the fuel elements in an effort to determine the cause

of some of the effects which have been noted.

A program is under way to develop methods for fabrication of fuel rods.

Two points receiving most attention are the method of attaching the spiral

spacers and the creep-shrink process for controlled collapse of the cladding

on the fuel bodies. If this process can be developed satisfactorily it will

insure good thermal bond between the fuel bodies and cladding and will pre-

vent uncontrolled collapse of the cladding and consequent buckling.

Tests are being carried out to determine the internal pressures

which will cause bursting of the cladding tubes at different temperatures.

The first experiment from the Hanford in-pile loop was removed from the

reactor on schedule and brought to the General Atomic hot laboratory for

examination. This experiment was a mock-up of a part of a semi-homogeneous

graphite plate-type fuel element with nickel clad fuel rods. This experiment

was run for approximately 1000 hrs. at a surface temperature of 1500 F. The

initial visual examination showed no signs of damage. There were no cracks

in the graphite, there was no discoloration of the metal fuel rods and the

mock-up was disassembled easily without any jamming or binding. A more

detailed examination is continuing.

A second test of a semi-homogeneous element is scheduled for start-up

in April to be followed by test of a rod bundle configuration in August.
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Construction of the latter is under way and nuclear and dimensional mock-ups

have been sent to Hanford to check out the operability of the proposed model

in the loop.

Analytical work is being carried out to determine the best core

structure, and a survey of gross temperature distribution as a function

of power output and inlet temperature is under way.

A survey of the possible ducting arrangements as they affect the

reactor resulted in the choice of a concentric duct penetrating the side

of the pressure vessel.

FLUID SYSTEMS AND PLANT ARRANGEMENT

Tests are continuing on the heat transfer characteristics of high-

pressure helium in tube bundles. Testing has been completed on the bundle

with unsupported tubes. This is to be followed by tests with foil type

spacers. In connection with the heat transfer work, a study has been

completed of the thermodynamic properties of helium at high pressures.

Arrangement studies have been carried out to determine that arrangement

which satisfies the requirements of accessibility, compactness, low-pressure

loss in the ducting, and acceptable thermal stress. The problem was simplified

by the elimination during the quarter of the high-pressure, high-temperature

main stop valve. The function of this valve is to be taken over by low

pressure-temperature plugs. Development of these items is under way.

A method has been developed for analysis of the dynamics of the MGCR

power plant by digital computor. Calculations made to date indicate that

the system is inherently stable. An interesting result is an indication

that the power turbine by-pass heat dump may be eliminated and its function

taken over by the regenerator.

A start-up accident brought about by too. much rod withdrawal was

analyzed. It was found that the excursion could be terminated by insertion

of the control rods at normal speeds.

Analysis of a loss-of-coolant accident indicates that the fuel

elements can lose heat to the moderator by radiation for approximately

one hour before it is necessary to initiate emergency cooling measures
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to avoid dangerous temperatures on the fuel cladding.

ROTATING MACHINERY

Turbomachinery development at Westinghouse is getting into the hardware

stage. Compressor model tests were started in February. The turbine model

test facility has been set up and checked and tests are due to start in April.

The seal and bearing survey testing has been completed at Electric

Boat Division with the choice of a floating bushing type oil sleeve seal

with a tilting-pad bearing. The seal and bearing program has been turned

over to Westinghouse for detail design and development.

REACTOR PHYSICS

Reactor physics work included completion of a survey of the effect of

the independent variables - core size, reflector material, void volume,

and fuel enrichment on total power cost. It was found that minimum cost

power was obtained with a 6.4 ft. core. The use of a beryllia reflector

resulted in a 1/2 percent increase in total power cost. It was felt that

such considerations as safety, and avoidance of the problem of carburization

would out weigh this small cost difference, and the decision was made to use

a beryllia reflector.

Studies were made of the effect of core structure on power cost. The

effects were calculated of four different metallic fuel element shrouds and

one alumina sleeve design.

Calculated control rod requirements indicate a need for control of 49%

reactivity to cover the range of conditions from hot to cold and flooded.

This can be supplied by 16 cruciforms of 10 in. effective span or 31 double

"Y" shapes with each "flat" having 2 1/2 in. effective width. Control rod

absorber will be rare-earth oxides in a metal matrix.

Flux contours have been calculated in three different degrees of

detail: First, a gross flux distribution with the effect of control rods

"homogenized" over that portion of the core in which they are contained;

second, a calculation of the flux distribution within a core module bounded

by control rods; and finally, a determination of the flux distribution



within a fuel element. By using combinations of these distributions it

is possible to obtain approximate flux at any point in the core.

The generation of tritium by n,a reaction in the BeO moderator was

calculated. It was found that the tritium generated would be comparable

in value to the plutonium.

Work is continuing on construction of the MGCR critical facility. All

structural work is expected to be completed by May 1. The Safeguards Report

was issued in December 1959.

Methods of calculating criticality are being checked against critical

experiments at Livermore and the NTS "Hot Box". It was found that

criticality could be calculated within 1.3%.

MATERIALS DEVELOPMENT

Materials work is continuing with development of techniques for

fabrication of ceramic fuel bodies. Fuel body irradiations are continuing.

Specimens of UO2-Al203 bodies were irradiated to 9000 MWD/T in the BMI

reactor. These have been withdrawn from the reactor and are to be examined

in the General Atomic hot laboratory. Three capsules containing UO2-BeO and

UC-graphite bodies are being irradiated in MTR. It has been decided to

leave these in the reactor until July at which time they will have reached

60,000 MWD/T burn-up. This is a greater burn-up than any fuel will be

exposed to in the MGCR core.

Investigation is continuing to establish the best means of fabrication

of beryllia shapes for the moderator and reflector. A capsule containing

specimens made by different methods was to be inserted in GETR in March.

This capsule was broken during insertion and will have to be replaced for

insertion at a later date.

It was determined that the requirements of the MGCR project for BeO

information overlapped those of a program being carried out by ORNL. A

joint program was agreed on with ORNL personnel and forwarded to AEC. If

this program materializes it will result in a saving of time and money by

both projects.
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Tests are continuing to establish creep-rupture and fatigue strength

of structural metals in high temperature helium. Tests on high strength

metals for turbine blades and discs are particularly important. Information

available at the beginning of the project indicated an approximately 25%

fall-off of strength of these metals in a helium atmosphere. Subsequent

tests run in pure helium, helium with oxygen-carrying impurities and air

indicate a slight difference in favor of pure helium. Future tests will

include runs at 1500 F to enable future advances in the power plant.

SITE DEVELOPMENT

The requirements for a test site have been established and possible

sites have been surveyed. A report is to be issued in the next quarter.





TENTATIVE MGCR DESIGN DATA

BeO-Moderated Concept*

Power

Power at LPT shaft

Electric power generation

Reactor (thermal)

Net shaft efficiency

Cycle efficiency

Cycle Conditions

Coolant

Coolant pressure

HPC discharge

LPC suction

Coolant temperature

Reactor inlet

Reactor outlet

Coolant flow (full power)

Prototype

32,000 shp

1,000 hp

74.4 Mw

32.1%

33.1%

Helium

Mark I

32,000 shp

35%

37%

Helium

1150 psia

442.3 psia

745.1 F

1300 F-1500 F

104.5 lb/sec

866.6 F

1500 OF

Reactor Vessel

Inside diameter

Inside height

Reactor Internals

Moderator and reflector

Core (active lattice)

Diameter

Height

Reflector thickness

Fuel

U2 35 loading

Enrichment

*Further considerations concerning the BeO-moderated concept are presently
under study, and data generated will be inserted into design specifications
of subsequent reports.

ix

124.5 in.

17.9 ft.

BeO

6.37 ft.

6.37 ft.

7 in.

123.0 kg

6.93%

BeO

6.37 ft.

6. 37 ft.

7 in.
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Prototype

Fuel (cont.)

U23 8 loading

Fuel loading

Core life (at full power)

Heat Exchangers

Regenerator

Number

Tube length

Number of tubes

Tube material

Precooler

Number

Tube length

Number of tubes

Tube material

Intercooler

Number

Shell OD

Tube length

Number of tubes

Tube material

Fuel Elements

Fuel-body material

Fuel-body cladding material

Maximum cladding temperature

(with hot channel factors)

Number of fuel assemblies

Control Rods

Number

Material

Mark I

1652.0 kg

1775 kg

2.27 yrs

2

48.2 ft.

2,686

Cr-Mo Steel

1

25.54 ft.

2746

Cu-Ni

1

4.0

26.79 ft.

2224

Cu-Ni

Ceramic fuel body: U0 2 or U0 2 -BeO

Hastelloy X

1500 F

308

1700 F

308

16 (minimum)

Rare earth and stainless steel

Turbomachinery

Over-all length

Maximum diameter

30 ft.

8 ft.
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Prototype

Turbomachinery (cont.)

Speed

LPC

HPC

HPT

LPT

Pressure ratio (at 13000 F)

LPC

HPC

HPT

LPT

12,200 rpm

12,200 rpm

12,200 rpm

7,600 rpm

1.7

1.54

1.64

1.x45

Mark I

12,200 rpm

12,200 rpm

12,200 rpm

7,600 rpm

1.7

1.54

1.64

1.x45
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I. REACTOR DEVELOPMENT

AIR-FLOW TEST STAND (TASK 7) (H. Hopkins)

The air-flow test stand was operated to determine the isothermal

friction factor for a simulated fuel element and heated performance of

a round 19-rod bundle. The testing of the 19-rod round bundle is of

particular interest since the fabrication of a round shroud and round

moderator-block hole would be much simpler. The round bundle, Fig. 1.1,

is made by starting with the hexagonal pattern of 19-rods and rotating the

outer row of rods as a ring until the center of all the outer row of rods

Lie on the same radius. This produces the minimum shroud radius for 19

rods with only a slight increase in flow area over the hexagonal config-

uration. The friction factor for isothermal conditions was determined

over the range of Reynolds numbers from 10,000 to 35,000 as shown in Fig.

1.2. The data for the hexagonal bundles were presented in the previous

quarterly report (GA-1195). For purposes of comparison, the correlation

for flow inside a smooth tube is also given in Fig. 1.2. In all of the

models tested, the data were correlated on such a basis that the equivalent

diameter is four times the flow area divided by the total wetted perimeter.

The friction factor for the round bundle with spiral spacers on the rods is

greater than the corresponding value for any of the previous hexagonal units

tested. This probably indicates that the more open round bundle provides

better internal flow mixing. This assumption of better mixing is to some

extent borne out by the surface temperature measurements. The results of

temperature measurements for a uniform radial power distribution and a

nuclear radial power distribution are presented in Table 1.1. Some of the

data on hexagonal bundles with spiral spacers are presented for comparison.

The figure of merit given in Table 1.1 is again the measured surface tem-

perature minus inlet temperature divided by the calculated surface tempera-

ture minus the inlet temperature.

The future plans for thermal performance studies call for the construc-

tion of a 19-rod bundle with spiral half-clearance spacers as shown in Figs.

1.3 and 1.4. This will produce a system in which spacers bear on spacers,

rather than on the fuel-rod cladding. Methods for measuring local gas

velocities and local gas temperatures will also be attempted.
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shroud

sprial spacer

fuel rod

Fig. 1.1--19-rod fuel bundle spiral spaced
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Fig. 1.3--Section through fuel bundle; hexagonal grouping
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Fig. 1. 4 -- Section through fuel bundle; circular grouping
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Table 1.1

COMPARISON OF "f" FACTORS FOR ROUND AND HEXAGONAL BUNDLES

( f=_measured surface temperature - inlet gas temperature )
( calculated surface temperature - inlet gas temperature)

Uniform radial power Nuclear radial power
distribution distribution

Rod Round hexagonal Round Hexagonal
Shroud Shroud* Shroud Shroud

Center 1.3 l.'' 1.20 1.29 0.96 1.05

Outer '
outer sur] 1.22 1.1( 1.12 1.18 1.04 1.29
face

Outer
inner sure 1.15 1.17 1.12 1.14 1.06 1.41
face

Middle
outer sur 1.29 1.30 1.21 1.32 0.94 1.21
face

* Data for three separate tests

Insulation Test

The measurement of the thermal conductivity of various insulating

materials in a helium atmosphere was continued to provide design information

for internal insulation of the pressure vessel and piping. The unit tested

consisted of a corrugated stainless-steel structure which was produced by

tack welding a corrugated sheet to a smooth sheet. The material used was

two mils thick and the corrugations had a pitch of approximately 1/8-in.

and a height of 1/16-in. An end view of the unit is shown in Fig. 1.5.

The thermal conductivity of thi' unit has been measured at helium pressures

of 15 psig, 100 psig, and 400 psig, and the data are presented in Fig. 1.6.

The effect of pressure on the thermal conductivity of the metallic insulated

bundle appears to be less than that of the previously measured Refrasil,

(Fig. 1.6).
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Fig. 1.5--Solar bundle

(actual size: h-in. ID; l-in. OD)
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HANFORD LOOP (TASK 20) (H. Hopkins)

Semi-homogeneous Element

The first semi-homogeneous fuel element, shown in Fig. 1.7, was re-

moved from the Hanford DR Gas Loop on February 20, 1960, after over four

months of irradiation. During this time, a total of 996 hrs. were logged

at full design conditions with the surface temperature of the fuel element

in excess of 1500 F. The element was subjected to 12 major thermal cycles

without failure. The operating temperature history is given in Fig. 1.8.

Early in the operation of the test there was an indication that small

amounts of fission products were escaping from the element. However, in

the subsequent three months of operation, no build-up of activity in parts

of the gas loop external to the reactor could be detected. A tentative

conclusion is that the high density UO2 fuel material did not release

significant quantities of fission products that would tend to raise the

level of activity in the loop components.

Removal of the fuel element from the loop was made without incident;

there was no indication that the element tended to weld to the in-pile tube.

Hanford personnel stated that the removal operation was considerably simpler

and operating personnel were exposed to less radiation than in the discharge

of any water loop operated by the same group. The test element and all

sections of the locating rod were shipped to General Atomic.

Examination of the element and the locating rod will be made in the

General Atomic Hot Cell. The examination will be made primarily to determine

what damage, if any, has occurred to various portions of the element. The

condition of the metal shroud, the graphite, and the fuel pins and their

contents will be studied. As there was some evidence of fission-product

release, their means of escape and their distribution in the graphite on

the element, and on the push rods will be determined.

The purpose of this work is to demonstrate the feasibility of the

semi-homogeneous graphite fuel element concept.

Heterogeneous Fuel Element

The planning and design of a test element for irradiation in the

Hanford DR Gas Loop, which will be a mock-up to the current MGCR 19-rod

fuel element has been initiated.
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Th design pressure (215 psi) and design pressure drop (5 psi) in the

Hanford DR Gas Loop will allow the dynamic testing of a unit with 15-in.

of fuelled rod length. The heat flux and temperatures will approximate

those in the center of the MGCR core; however, the maximum core conditions

of heat flux and 1300 F coolant outlet temperature cannot be achieved be-

cause of the loop design limitation of 1250 F on the maximum gas temperature.

A drawing of the planned element is shown in Fig. 1.9; it will be mounted

in a 2-1/4-in. tube near the center of the DR reactor at Hanford.

The program to develop this element has been set up and considerable

work on the design and fabrication has already been carried out. This pro-

gram consists of constructing a nuclear mock-up, an outside dimensional

mock-up, a flow and heat transfer mock-up, development of fabrication tech-

niques for fuel pins, a thermal-cycling mock-up, and finally, production

of the test element. This extensive pretesting program is required to in-

sure that the element operate satisfactorily in the Hanford pile. In

addition to the construction of the mock-ups and models, the work will be

supplemented by studies on fission-gas release from ceramic fuel materials,

strength tests on tubing, and the results from the testing of the semi-

homogeneous fuel elements which are being irradiated in the Hanford DR

Gas Loop.

The mechanical fabrication of the nuclear mock-up has been completed;

the mock-up is shown in Fig. 1.10. The mock-up will be used to determine

the fuel loading for the test element by being loaded with U02 pellets of

various enrichments and irradiated in the Hanford Test Pile. The enrich-

ments will be from natural to 5% enriched. One enrichment made up of a

UO2 fuel diluted by BeO may be tested to determine the effect of fuel

dilution. From foil activation the enrichment necessary to produce the

desired power output from the test element in the Hanford DR Gas Loop will

then be determined.

An outside dimensional mock-up has been constructed to insure that the

element will fit in the in-pile tube, because the in-pile tube is not

straight and/or has a slight restriction at a point within the reactor. The

first test of the outside dimensional mock-up resulted in the unit sticking

approximately halfway into the reactor. As soon as the activity picked up

by the mock-up has decreased and the reactor is shut down, this same unit
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will be tested without piston rings. Two additional smaller mock-ups have

been constructed and will be used to determine the maximum size element

that can be used in the gas loop.

Work on the rest of the program is in the design and fabrication state.

Some parts for the flow and heat-transfer mock-up, which is 3/5 scale, have

been fabricated and will be tested in the air-flow test stand during the

next quarter. Work on the fabrication of the fuel pins has been undertaken

with short-length units.

REACTOR DESIGN (TASK 7 and 8) (K. A. Trickett)

There has been a change in cycle pressures from 800 psia to 1150 psia.

The vessel-head design has been improved to reduce flange stresses and the

top of the core has been designed to clear fully the outlet gas duct without

cutting the edge of the reflector.

Core Thermal Analysis (J. T. Rogers, R. Katz)

Surveys(') were made to determine suitable reactor core designs for

cycle conditions of:

1. 15000F reactor outlet temperature at a pressure level of 800 psia.

2. 1300 F reactor outlet temperature at a pressure level of 1200 psia.

These surveys yielded curves, such as those shown in Fig. 1.11, which

give the number of fuel elements, the moderator block pitch, the maximum fuel

temperature, and the rod clearance-to-diameter ratio all as functions of

core pressure drop. From these surveys, for the selected cycle conditions

above, a core design was chosen.

The method used in these surveys is based on the assumption of a simple

chopped-cosine axial power distribution. To determine the validity of the

results for more realistic power distributions, calculations were made for

a typical power distribution resulting from the insertion of a control-rod

bank from the hot end of the core. The control-rod bank insertion assumed

was 43.5% which corresponds to the hot clean critical condition of the

core. The data for a typical core are shown in Fig. 1.12 where the hot-

channel power distribution and fuel cladding temperature and the core

average coolant temperature are given. The core design was selected on
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CONDITIONS
INLET TEMPERATURE: 7450F
OUTLET TEMPERATURE: 13000F
MAX. CLAD TEMPERATURE: 1500F
CORE POWER: 74.4 MW

7 INLET PRESSURE: 1120 PSIA
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ROD DIAMETER: 0.375 IN.

6

NUMBER OF FUEL ELEMENTS (16-2)

5

4

3
MODERATOR PITCH (IN.)

MAX. FUEL TEMPERATURE (F X IO-3)
2

CLEARANCE-TO-DIAMETER RATIO (10)

0
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AP (PSI)

Fig. 1.11--Core design parameters 19-rod hexagonal bundle
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the basis of a hot-spot temperature of 1700 F for the chopped-cosine distri-

bution. For the more realistic power distribution, the maximum hot-spot

temperature is actually reduced to about 1680F in the selected case. This

is explained by the fact that the rodded portion of the core contributes

about 25% of the core power while the ratio of maximum-to-average power

density in the cooler, unrodded portion of the core, is reduced significantly.

For the chosen core, an analysis was made of the effect of changes of

cycle conditions on the maximum cladding temperature and on the reactor

outlet temperature. The purpose of this analysis was to estimate the changes

that would occur when the prototype reactor outlet temperature is raised.

The study was made on a simplified basis by assuming that cycle component

efficiencies, fractional pressure drops, and regenerator effectiveness re-

mained constant and by neglecting bleed flows. A maximum cladding tempera-

ture of 1700 F and a minimum inventory of 50% were imposed as arbitrary

limitations. The results are shown in Fig. 1.13. It can be seen that the

maximum cladding temperature of 1700 F is reached at a reactor outlet tem-

perature of 1480 F at the full turbine shaft horsepower of 32,000.

Further increases in reactor outlet temperature can be achieved only

by decreasing inventory and power. At the minimum limit of 50% inventory,

the power has been reduced to 62.5% and the reactor outlet temperature has

been increased to slightly over 1490 0F. This analysis is only approximate,

but it does indicate that it should be possible to approach closely the

ultimate desired reactor outlet temperature of 1500 F at full shaft horse-

power with the reactor core design 2urrenttyr being studied.

Fuel Elements

A program of further experimental work on heat transfer and flow dis-

tribution in the 19-rod bundle fuel element has been prepared. The phil-

osophy of the program is to break down the complex phenomena occurring in

the fuel-bundle heat transfer into component parts and to investigate the

simpler parts intensively. A non-heated experimental fuel bundle scaled up

four times is being designed. Four types of experiments are planned for

this large-scale test bundle:

1. Velocity traverses using a 0.040-in. diameter Pitot-static tube.

2. Mixing investigations using tne injection of traceable substance

up- stream.
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3. Mass-transfer tests on individual rods in the bundle to deternmii-

local heat-transfer coefficients around the periphery of a fuel

rod in various positions in the bundle.

4. Transient heat-transfer tests using one heated rod to determine

average heat-transfer coefficients for a fuel rod in various

positions in the bundle.

A heated experimental fuel bundle using chem-milled helical spacers

is also being prepared for final experimental tests of the fuel element

bundle in the air-flow test stand. Local velocities, cladding temperatures,

and coolant temperatures will be measured.

All tests will be conducted on rod bundles using circular and hexagonal

arrays.

Investigations have been made of the effect of alternating UO2 and BeO

pellets in fuel rods in order to obtain volume ratios of these materials

which are difficult to obtain in homogeneous mixtures. Further, to maintain

the same maximum cladding temperature, the heat-transfer surface would have

to be nearly doubled. For this reason, this method is not practical. An

alternative method would be to alternate highly-diluted UO2 pellets with un-

diluted pellets to obtain the desired volume ratios.

An analysis was made for the Hanford DR Gas Loop fuel element on the

effect of eccentricity of the fuel pellet within the cladding on the cir-

cumferential distribution of cladding temperature, for elements without

creep-shrunk cladding, and consequently, with possible gaps between cladding

and pellet. The study indicated that the maximum cladding circumferential

temperature difference to be expected for maximum eccentricities are as

follows:

Gap width, (in.) Circumferential d jT, (OF)

0.001 7

0.003 20

If non-creep-shrunk cladding is used in the reactor, similar gaps and

eccentricities could produce maximum circumferential temperature differences

of 16 F and 45 F respectively.



Moderator Analysis

An analysis of moderator temperatures was made for moderator cooling

by means of the fuel-element coolant flow. A range of over-all conductances

between the moderator block and the coolant flow passage, representative of

the various shroud configurations proposed, were considered. Results of

the analysis for the core design are shown in Fig. 1.14 where moderator

temperatures are plotted as functions of the over-all shroud conductance.

From this analysis, considering the effects of moderator temperature on

neutron economy, the severity of the loss-of-coolant accident, and the

effect of the shroud conductance on the severity of the loss-of-coolant

accident, a tentative lower limit of permissible shroud conductance of

125 Btu/(hr) (ft ) (OF) was set. This conductance is equivalent to that

of a stagnant helium gap 0.012-in, wide. Even such a small gap still has

a serious effect on the severity of the loss-of-coolant accident and since

the practical considerations of inserting and removing fuel elements probably

require a much larger gap, alternative schemes for cooling the moderator

have been proposed. These schemes which are now being studied consider by-

pass flow between the shroud and the moderator block, and separate flow

through the moderator blocks in series with the fuel-element flow.

Thermal Analysis of Pressure Vessel and Internals(2)

A thermal analysis of the pressure vessel at the core mid-plane has

been made. This analysis indicates that internal insulation is necessary

for the pressure vessel when the core outlet temperature is raised to 1500F.

The transient thermal stresses caused by the sudden introduction of emergency

cooling are greatly reduced with internal insulation, and the pressure vessel

materials may be selected from carbon or low-alloy steels. Both SA 302B
and SA 2123 are suitable steels if internal insulation is used. It appears

that sheet metallic insulation is most suitable.

Calculations indicate that metallic insulation will not be seriously

damaged by sudden, rapid depressurization of the pressure vessel and that

the insulation will remain in place and continue to protect the vessel during

and after the depressurization. Assuming simultaneous rupture of both the

inlet and outlet ducts (assumed volumes: inlet side 125-ft.3, outlet side

300-ft.3), the calculated bleed-down times for the pressure vessel are from



2200

2100

2000

1900

1800

1700

1600

1500

1400

EDITIONS

INDLE

I. TMM, MAXIMUM IN HOTTEST

CHANNEL
2. T, AVERAGE AT CORE CENTER

LINE, HOTTEST CHANNEL

3. TM , AVERAGE, HOTTEST CHANNEL
4. TSB , SURFACE AT CORE CENTER

LINE, HOTTEST CHANNEL

5. TM, AVERAGE, OVER CORE

5

150 200
OVERALL SHROUD CONDUCTANCE

BTU/(HR)(FT )(*F)

Fig. 1.14--Results of core design analyses

CON

CORE LENGTH 6.37 FT
FUEL ELEMENTS 308
FUEL ELEMENT TYPE 19-ROD BU
ROD DIAMETER 3/8 IN
DISTANCE ACROSS FLATS OF
FUEL ELEMENT HEXAGON 1.906 IN
Tgi:= 7450 F

T= 1300*F

PRESSURE LEVEL 1100 PSI
REACTOR POWER 74.4 MW
CORE AP 40 PSIN

w

I-

W
a.
w

1300

1200

1100 f-

1000
0 50 100 250

2

3

4

i i i I



23

3 to 5 sec. A complete rupture of each duct was assumed giving an outlet

flow area equal to the full flow area of the duct, (inlet side 1.15-ft. ,

outlet side 1.77-ft. ). The area of bleed holes required in the insulation

face to insure that the maximum pressure developed across the insulation

during such rapid depressurization does not exceed about 5 psi is approxi-

mately o.04o% of the face area of the insulation. There is no difficulty

in supplying even much greater bleed areas so that the integrity of the

insulation should be maintained under all foreseeable conditions.

The effect of localized uncooled areas resulting from mal-distribution

of coolant flow on temperature distribution and resulting thermal stresses

in the core barrel has been investigated. The maximum temperature increment

resulting from the hot-spot was calculated for various hot-spot sizes. It

is difficult to see ho hot spots larger than 4-in. in diameter could develop,

and for this size, the maximum temperature increment is about 56F. The

resulting thermal stresses are shown in Fig. 1.15. The maximum tensile

stress is about 3550 psi and the maximum compressive stresses are about

7550 psi. Since actual hot spots are not likely to be as large as 4-in.

in diameter, and since there obviously will be some heat transfer over

the surface of the hot spot rather than none at all as was assumed in the

calculations, temperature increments and resulting thermal stresses will

no doubt be lower than the above values. It is concluded, therefore, that

local uncooled regions in the core barrel caused, for example, by poor

flow distribution, will not cause large tensile thermal stresses and thus

represents no problem. Gross mal-distribution of the coolant flow outside

the core barrel would cause severe effects and could not be tolerated.

Investigations of Fuel Element Materials

An experimental program is in progress to support the preliminary

analytical work reported in GAND-ll30.(3) The program objectives are:

1. To study the deformation of 'Type 316 stainless-steel, Hastelloy X

and Inconel cladding as a function of pressure, temperature, and

time during the creep-shrink process.

2. To establish the spectrum of pressure, temperature, and time which

is optimum for the successful use of the process.
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3. To determine the initial gap between cladding and fuel body which

is the maximum for creep-shrinking without buckling.

4. To determine the effect of the creep-shrink cycle on spiral-finned

cladding and end-cap welds.

5. To study each of the reference materials in order to establish

a basis for final selection and to recommend one material for

construction.

6. To determine whether the bond between cladding and fuel body is

sufficient to take up the axial thermal mis-match caused by small

gaps between each fuel pellet rather than an accumulated gap at

one end which may result in wrinkling.

The test program to date has utilized simple unfinned cladding speci-

mens of 0.375-in. diameter, 0.010-in. wall and approximately 5-in. length,

(Fig. 1.16).

The two mechanisms of deformation of interest are:

1. The plastic deformation of the cladding when the hoop stresses

resulting from external pressure exceed the elastic limit for

the material. This is a function of temperature.

2. When the critical buckling stress is proportional to the elastic

modulus of the material and, therefore, decreases with increasing

temperature.

Figure 1.17 shows the temperature dependence of the critical buckling stress

and the biaxially corrected 0.2% yield stress for a Type 316 stainless-steel

closed-end tube subjected to external pressure.

The results of the tests to date are given below:

Type 316 Stainless-Steel

The tests run on Type 316 welded and drawn seamless stainless-steel

have resulted in the formation of a longitudinal wrinkle for all pins with

an initial diametral clearance of 0. 0 02-in. or more. Figure 1.18 shows

typical wrinkled pins. The initial out-of-roundness was such that the

maximum diameter was in the plane of the weld. Tests are planned to deter-

mine whether the wrinkle is due to the weld or to the out-of-roundness.
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Fig. 1.17--Variation of buckling stress and flow stress with temperature
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in#4( c fl

Fig. 1.18--MGCR fuel pins after creep-shrinking. Pins contained UO2

pellets and were clad with 0.010-in. thick 316 stainless steel.
The pins were pressurized to 2000 psi in helium and cycled

once from room temperature to 4000 F, room temperature to 500 F
and room temperature to 15000 F.



29

Helium leak tests have failed to disclose ruptures either at the wrinkle

or in the weld area adjacent to the end caps.

Further work is planned using Type 316 seamless, drawn stainless-steel

tubing.

Inconel

A 0.375-in. diameter, 0.010-in. wall Inconel test pin with a 0.002-in.

diametrical gap between the cladding and the Type 446 stainless-steel insert

has been successfully creep-shrunk. The 446 insert was used in lieu of the

UO2 fuel body to speed up the test program while retaining a comparable

difference in expansion coefficients.

The creep-shrink cycle procedure for Inconel was as follows:

1. At zero external pressure the temperature was raised to 1500 F in

one hour.

2. The temperature was held constant and the pressure was increased

to 700 psi in 15 min., and from 700 to 1000 psi in 30 min.

3. The pressure was held at 1000 psi while the pin was cooled to

10000F; the pressure was then released and the pin allowed to

cool to room temperature.

After these operations, the cladding was in intimate contact with the

Type 446 insert over one inch of length at both ends of the pin, but con-

tained a longitudinal wrinkle over the 2-in. mid-section of the insert.

The pin was then subjected to the following modified cycle:

1. At zero external pressure the temperature was raised to 1700 F in

30 min.

2. This temperature was held constant and the pressure was raised to

700 psi in 15 min., and from 700 to 1200 psi in 30 min.

3. The pressure was held at 1200 psi and the pin was cooled to 1200 F;

the pressure was then released and the pin cooled to room temperature.

Examination showed that this modified procedure had removed the wrinkle

in the Inconel cladding and had successfully creep-shrunk the cladding on

the insert.

Hastelloy X

A similar test pin using Hastelloy as the cladding material has been

successfully creep-shrunk by means of the following cycle:



30

1. At zero pressure the temperature was raised to 2000F in 1-1/- hrs.

2. The temperature was held constant and the pressure raised to 500

psi in 15 min. and increased from 500 to 1000 psi in 45 min.

3. The pressure was held at 1000 psi and the pin was cooled to 1000 F;

the pressure was then released and the pin cooled to room tempera-

ture.

Although these tests are preliminary, the use of the creep-shrink

process for cladding the MGCR fuel element appears promising.

Fuel Pin Burst Tests

One of the unique features of a solid-moderator gas-cooled reactor,

which is not possessed by a water-moderated system of useful power level,

is the ability of the system to safely withstand a loss-of-coolant accident

without rupture of the fuel-element cladding. This ability is due to the

capacity of the solid moderator to absorb the heat which radiates from the

fuel with sufficient thermal capacity to keep cladding temperatures to

suitable values. The ultimate criteria is the ability of the cladding to

contain the fission gases.

Tests are being made to evaluate the effect of temperature and loading

rate on the bursting strength of seamless Inconel and weld-drawn Hastelloy

X tubing. The tubing is 3/8-in, diameter with a wall thickness of 0.010-in.

and is similar to that currently being used in the creep-shrink experiments.

Some preliminary results of these tests are:

Bursting Pressure* (psi)

Temperature ( F) Inconel Hastelloy X

1800 860 870

1900 780 840

2000 525 575

2100 360

*Full bursting pressure was applied in from 35 to 85 sec.

In general, the failures occurred as longitudinal cracks. It is worth

noting that there have been no end-cap failures so far in the test program.
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Rate-of-load effects can be quite significant at elevated temperatures

and tests are now under way to evaluate this factor. Detailed metallographic

examination will also be made of the test specimens.

Preliminary calculations of fission-gas pressure at the end of fuel

life, cladding temperature and moderator temperatures over the accident

transient have been compared with the early exploratory experimental data.

The results of the comparison are encouraging and show the remarkable

stability of the solid-moderator system for this kind of accident postula-

tion.

Experimental work is continuing to obtain more refined data and to

investigate thoroughly this aspect of the design. Figs. 1.19 and 1.20

show some of the specimens.

Spiral Spacers

Work is progressing in the evaluation of welding, brazing and chemically

milling the spiral spacers. In view of the success of the chem-milled pro-

cess, this method has been selected for use on the Hanford in-pile tests

and the mechanical test program for the high-temperature high-pressure auto-

clave. In addition, procurement of a full-size mechanical mock-up of the

fuel element using the chem-milled process is under way.

Core Structure

Investigations were initiated on the core structure configuration.

The general approach is:

1. To define the geometry and dimensions of the model.

2. To establish the loading conditions due to pressure, aerodynamic

drag, shipboard inertia factors, and weight distribution.

3. To define the environment.

4. To evaluate the physical and mechanical properties of the reference

materials.

5. To discuss with vendors the limitations of fabrication processes

as they might affect BeO shape. This includes a review of possible

methods of bonding and bond reinforcement.
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Fig. 1.20--Inconel specimen after burst test(pressurization rate approximately 10 psi/sec)
WA
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Fig. 1. 19--Inconel specimen after burst test(pressurization rate of approximately
10 psi/sec)
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In view of the limits of misalignment of the continuous axial fuel

channels and control rod spaces, it was concluded that a design based on

structually independent axial columns or core modules is preferred to a

structurally integral core assembly of stacked and keyed bricks. A severe

limitation in the latter is the difficulty of predicting the cumulative

distortion of outer peripheral channels and core load routing. The column

must provide structure stability of the module between end supports, together

with lateral restraint and an axial degree of freedom.

Four basic principles of design have been evolved:

1. A module comprising long axial sections of moderator BeO with in-

ternal tubular supports (Fig. 1.21).

2. A module of flat moderator plates supported by an external metallic

can (Fig. 1.22).

3. A heterogeneous ceramic-supported and bonded module of flat modera-

tor plates and tubes with the bond reinforced with metallic wire

cloth (Fig. 1.23).

4. A homogeneous fuel-length moderator column as a continuous fabri-

cated structure (Fig. 1.24).

Each of these concepts has been reviewed for the selection of a module

which suits a control rod array, a practical core arrangement for external

support of the module and which would have predictable success in with-

standing thermal and mechanical stresses.

Three sections, as noted below, have been selected as suitable for

further study and each section may be applied to any of the four basic

principles of core design to yield twelve models of core module. These

sections are:

1. A square section comparing 9 fuel channels on a 3.84-in. square

pitch (Fig. 1.25).

2. A hexagonal section comprising 7 fuel channels on a 4.13-in. tri-

angular pitch (Fig. 1.26).

3. A hexagonal section comprising 19 fuel channels on a 4.13-in. tri-

angular pitch (Fig. 1.27).

The core layout for each of the sections is shown in Figs. 1.28,

1.29, and 1.30. A preliminary analysis has been made to provide a basis

for the selection of the sections suitable for further work.
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BeO test specimens have been ordered so that thermal stress experi-

ments can be conducted. A full length section of a single cell of a module

has also been ordered in bonded Al0 . to study problems of mechanical fit

and bond strength for repeat loads in the 10 to 10 cycles range.

The major objective of the program is to establish a core module

design with the lowest cost and a lifetime of 100,000 hrs.

A preliminary stress analysis of mechanical loads and thermal mis-

match stresses is being made for the core barrel, grid structure, outlet-

gas nozzle connection to core barrel shell, shell section flange, heat

section and control-rod nozzle thermal sleeves. The load takeout skirt

which carries the core structure loading out to the pressure vessel is

being analyzed for thermal and mechanical stresses to select material,

dimensions and permissible temperature gradients for determination of

insulation requirements.

Pressure Vessel Design

The cycle pressure has been changed from 800 to 1150 psi. The

pressure vessel has been resized for a design pressure of 1400 psi. A

preliminary stress analysis of the flange-to-shell, shell nozzle, shell-

to-bottom-head transition section, flange-to-top-head junction and control-

rod nozzle to head area is being conducted. The stress analysis at this

time is limited to mechanical loads.

A preliminary stress analysis has been started on the flex-plate type

support for the reactor vessel which assumes three to four support struc-

tures and the piping forces and moments based on the machinery layout for

a shell-mounted concentric duct.

CONTROL-ROD DRIVE MECHANISM DESIGN (TASK 10) (F. J. Liederbach)

The control-rod drive mechanism is divided into an upper and lower

section.

Upper-drive Section -- The upper-drive section is that part of the

mechanism containing the positioning and scram motors, valves, and position

transmitters.

A number of arrangements were studied for the scram and positioning

motors and a concentric tandem configuration has been selected in preference
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to motors mounted side by side. This selection was largely governed by

the need to mount 32 drives in the vessel head with only a 11.18-in. center

distance.

It was considered advisable to investigate an alternative to the gas-

operated clutch used to disconnect the positioning motor and its gearing

during a scram stroke as this device may present sequencing problems. This

investigation is now under way.

Lower-drive Section -- The lower-drive section is that part of the

mechanism from the main lead-screw bearings down to and including the dis-

connect.

An additional safety feature has been incorporated in the form of a

"no-back" device located immediately above the lead-screw bearing assembly.

This device prevents feed back of torque from the lead-screw to the position-

ing motor and thus eliminates the need for an electromagnetic brake to absorb

this torque.

The result is a more positive drive whereby movement of the control-

rod can be effected only by rotation of the ball screw and is unaffected

by loads imposed on the drive. The possibility of creep is therefore

entirely eliminated.

A design has been evolved for a disconnect which will allow a possible

shift of the control rod vertical axis relative to the drive mechanism

vertical axis of - 1/2-in. together with some degree of angular misalignment.

In order to simplify the drive mechanism and to facilitate porting

problems associated with the pneumatic connections, the accumulator, pre-

viously an integral part of the mechanism, has been moved into the pressure

vessel thimble.

Assembly of the Sections

The assembly of the sections is so designed that it is possible to

remove the upper section driving head as a package without disturbing the

lower section and its static seal.

Assembly of the complete drive into the reactor would therefore be in

two steps:

1. Assemble the lower section into the thimble and bolt down and at

the same time forming a seal between the drive and the thimble.



2. Assemble the driving head, engaging a spline-coupling on the end

of the lead-screw and at the same time completing a manifold con-

nection to all the pneumatic lines. These would be permanently

attached to the thimble and would not need to be disconnected for

a drive removal.

Control-rod Drive Test Facility

The autoclave will be 20-ft. long by 36-in. OD by 1-1/2-in. thick.

The internals are housed in a steel barrel 7-ft. by 11-in. and 15-in. ID

and consist of four ceramic sections having the cross section of a right

triangle whose sides are approximately 9-in. long. A simulated stainless-

steel control-rod of cruciform cross-section moves up and down between

these sections. A SiC heater is used to heat the internals and the control-

rod to the design temperature of 1500 F.

Internal Insulat ion

The internal insulation consists of a 6-in. radial thickness of

layered, corrugated stainless-steel sheets. It is estimated that a heating

capacity of 40 kw will be necessary to keep the temperature of the simulated
internal core hardware at 1500 F and that the temperature drop across the

insulation will result in a pressure vessel wall temperature of about 300 F.

The preliminary calculations were made on the assumption that the pressure

vessel will not be cooled internally or externally except by natural con-

vection and conduction to the outside. We find, however, that some circu-

lation of coolant through the vessel will be necessary to cool the internals

support plate in the lower portion of the pressure vessel and to heat the

control-rod shaft extension to as close to 1500 F as possible in the upper

portion for proper environmental simulation.

Snubber and Shock Absorber

The pneumatic snubber program was advanced to a point where comparison

was made between:

1. Concept No. 1, a design employing a motor-drive ball-nut and lead-

screw for normal positioning, and a pneumatic piston cylinder de-

vice for scramming; the scram force varies inversely as the piston

velocity.



2. Concept No. 2, a design employing a motor-driven ball-nut and

lead-screw for normal positioning and a pneumatic motor for scram;

scram velocity is controlled by throttling the pneumatic motor

exhaust.

It appears that Concept No. 1 and the pneumatic snubber configuration

have definite potentialities as an alternate back-up mechanism. However,

Concept No. 2 design appeared to be generally superior. This design pro-

vides for pneumatic scram motor complete with a special throttle unit which

progressively slows down the control rod towards the end of a scram stroke.
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II. FLUID SYSTEMS AND PLAT ARRANGEMENT

DEVELOP REFERENCE DESIGN OF PRIMARY LOOP COMPONENTS (TASK 6) (D. W. Carreau,
W. Justusson, H. C. Paulsen, B. Lund)

Beat-exchanger Test Loop

The objective of the heat-exchanger test program is to compile and

correlate sufficient experimental data for the aerodynamic and thermal

design of the prototype regenerator. These data will also be used in the

design of ; .ner power plant heat exchangers of similar configuration.

Three hundred helium heat-transfer runs with unsupported heat-exchanger

tub-s ':e been completed covering a range of Reynolds numbers from 8000 to

100,000 and helium temperature rises from 50 to 4500F. These tests with

unsupported tubes are essentially complete. Airfoil-type tube supports

will be installed to determine their effect on heat-transfer performance.

An IBM computer program for the reduction of model heat-exchanger test

data has been written. This program includes corrections for the helium

compressibility factor and Prandtl number with temperature and pressure

variations. Three independent methods are included for deriving the Colburn

j-factor and this will facilitate comparison of the methods of data reduction.

HEAT-EXCHANGER ANALYSIS AND DESIGN (W. J. Justusson, B. Lund)

The objective of this work is to design and analyze the regenerator,

precooler, intercooler, and the low-pressure turbine bypass heat sink.

Heat-Exchanger Sizing

The regenerator, precooler, and intercooler have been sized for the

1150 psia-1300 F prototype cycle and a subsequent 1150 psia-15000F cycle

analysis for the nuclear tanker design specified by the study being carried

out by George Sharp Inc. In sizing these items it was assumed that the pre-

cooler and intercooler would be constructed with double tubes and double tube

sheets for leak detection and control.

Low-Pressure Turbine Bypass Heat Sink

An investigation of the feasibility of using a combination boiler-con-

denser (Fig. 2.1) for low-pressure turbine bypass heat absorption was made
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and it was concluded that:

1. This system is self-regulating, simple, and capable of safe operation.

2. This system design can be varied to accommodate arrangement, safety,

and performance considerations.

Fig. 2.2 shows the combination boiler-condenser system. Several

methods for absorbing low-pressure turbine bypass heat have been studied.

The simplest and most promising method, direct bypassing with no heat

absorption, eliminates the need for any additional heat-transfer equipment.

Initial investigations indicated that the thermal-cycling conditions are

within the capabilities of the component materials. Further analysis is

being devoted to thermal shock, thermal stress, and permissible system

temperature transients.

Designs formerly under consideration were more complex than direct

bypassing. The decision to eliminate consideration of a steam-driven

turbine generator made further study of a separate boiler and condenser

unnecessary and led to consideration of a combination boiler-condenser system.

A helium-to-air heat-exchanger system was also attractive except that the

cooling air flow required large containment penetrations. Another method

considered is the split-flow scheme, wherein a portion of the bypassed

stream is piped directly to the precooler; this method has the advantage

that the reactor inlet temperature may be closely regulated. Each of these

alternative methods involve the use of additional piping or other heat-transfer

equipment.

Auxiliary-service Heater for a Shipboard Plant

An auxiliary-service heater system using waste heat from the primary-

coolant system was proposed. As shown in Fig. 2.3, a helium-to-pressurized-

water heater would supply hotel heat loads, Butterworthing, and cargo heating

requirements. The heater, located between the regenerator and precooler, would

furnish up to 35 million Btu/hr without increasing reactor power. The same

basic system would furnish more heat when a portion of the high-pressure

compressor discharge is shunted directly to the reactor via a regenerator

bypass line. Anticipation of large electrical power demands for cargo

pumping occasioned an interest in the possibility of generating some of this

electrical power from steam flashed from the pressurized-water heater system.
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it was found hat such a 600 kw system would be :Lmpractical because &f

the excessive water flow rate and large heater volume required.

MECHANICAL DEVICES (H. F. Curtis, B. Lund, H. Wong)

Main-Coolant Stop Valve

A decision has been made to eliminate the reactor isolation valves.

The Crane Company reactor stop valve development work was, therefore,

terminated.

Concentric Duct Isolation Plugs

A study was made of low-pressure,. low-temperature devices for

temporary isolation of the reactor. It was shown that both the inner

and outer duct flow passages can be -blocked by means of inflatable plugs

which can be inserted and removed from the duct through fittings in the pipe

wall. Samples of such devices were assembled in a reduced-size model of the

concentric duct in order to demonstrate their feasibility.

Various materials were considered for construction of these inflatable

devices and a preliminary design has been developed for a plug made of

silicone-impregnated fiber-glass cloth as shown in Fig. 2.4. A spherical

plug will be tested in a full-size model of a section of the concentric

duct. The plug will be evaluated for ease of insertion and removal, and

its capability to provide a gas-tight seal at pressures in the 0-25 psia

range and at temperatures to 4000F.

DUCT DESIGN, DEVELOPMENT AND TEST (H. F. Curtis, 13. Lund)

The objective of this task is to develop and design ducting to transport

the main coolant between the components of the power plant, at a pressure

of 1150 psi and a continuous temperature of up to 1300 F, with capability

for limited operation at 1500 F. Background data has been given in the

previous quarterly reports (GA-1195, GA-1183),

Ducting

The effects of increasing the cycle pressure from 800 psi to 1150

psi were analyzed. No changes will be required in the ducting details except

that the outer-duct wall thickness must be increased from 1.306 in. to 1.540

in. The inner duct and heat barrier will not be affected by the pressure change.

H')
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Fig. 2.4--Design study-inflatable plug for MGCR concentric ducting
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Heat Barrier Tests

The heat barrier test assembly consists of a multiple layer radiation

shield in the annular space between the inner duct and the internal Inconel

X liner. The shield is made up of 0.005-in. thick dimpled stainless steel

foil spirally wound around the liner. In addition to decreasing the radiant

heat transfer, the closely spaced foils of the shield also decrease convective

heat transfer by preventing helium circulation between the liner and the

inner duct.

The heat-insulation characteristics of the test barrier are being

determined by passing hot helium through the inner duct and measuring the

heat flow from the helium to a surrounding water jacket. These tests are

carried out in a reduced-size section of the concentric duct.

The first phase of the test program, utilizing circulating cooling

water in the water jacket, was completed, and the second phase, in which

boiling water is employed to cool the test section has been initiated.

Difficulty was experienced during the first boiling-water runs in that

liquid water was carried over with the steam and an accurate measurement of

the steam generation rate was impossible. These difficulties were eliminated

by installing a steam separator. Five boiling-water runs were completed

before testing was suspended for the repair of a steam leak in the main loop

heat exchanger. Results obtained to date tend to confirm the previously

reported value of the measured effective heat barrier conductivity of

0.28 btu-ft/(hr) (ft ) ( F.) at a gas temperature of 500 F. and a pressure

of 450 psia.

A small, inexpensive test apparatus is being designed to make a

qualitative comparison of the thermal effectiveness of the various heat-

barrier configurations under consideration.

Heat Barrier Design

During the assembly of the test apparatus, it was found that there were

difficulties in the installation of the rivets which secure the heat-barrier

support liners to the duct wall. In order to simplify the assembly procedure,

the feasibility of welding the support liners to the pipe wall was evaluated

as an alternate fastening arrangement. Numerous sample welds, which were
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tested by metallographic and mechanical methods, demonstrated the feasibility

of welding the thin Inconel X liner to the heavy 1-1/4 Cr-l/2 Mo pipe wall.

Modifications to the heat-barrier design are being studied in order to

optimize thermal effectiveness. Test results indicate that convection in

the spaces between the foil radiation shields may play a more important role

in heat transfer than anticipated. Closer foil spacing may reduce this

convection. For this reason means of fabricating 0.002-in. thick nickel

foil with 0.030-in. high dimples are being investigated. Samples of 0.002-in.

thick nickel foil were submitted to Rigidized Metals Corporation to experiment

with the dimpling procedure, but they were unable to produce satisfactory

dimples deeper than 0.018-in. with their standard production equipment. The

Electric Boat Division is looking into a method for obtaining better dimple

height on the 0.002-in. thick nickel foil.

In addition to the work on dimpled foil, the following heat-barrier

schemes are being investigated:

1. Thin, crumpled foil

2. Foil with shallow, bellows corrugations

3. Flat-foil sheets separated by coarse woven wire mesh

4. Small cylindrical cups of nickel foil

DEVELOPMENT OF PLANT CONTROL SYSTEM (TASK 15) (T. M. Silks, A. McClure)

Power Turbine Bypass Cooler

Transients analyses were run using a program with constants which

describe an 800 psia, 1300 F. plant. The reference cycle is now a 1150 psia,

1300 0 F. plant, but qualitative conclusions can be drawn from some of the

results.

The most interesting results were obtained when the bypass cooler was

removed from the power-turbine bypass line. The compressor-shaft speed-

control system was in operation but all other controls (control rods and

accumulator valves) were rendered inoperative. The disturbance to the plant,

which initially was running full-load steady state, was to close the power-

turbine throttle valve, leave it closed for half a minute and then open it.

During this transient the reactor outlet temperature rose only about 20 F.,



while the regenerator inlet and reactor inlet temperatures rose approximately

2000F. and the reactor power level dropped from about 50 to about 40 Mw.

These results indicate that the bypass cooler may not be necessary to

insure plant stability and that it may be possible to eliminate the cooler.

Further study of this question will be made in the coming quarter, using

constants in the program which describe the 1150 psia, 13000 F. cycle.

Accumulator Design

Previous preliminary designs were drawn up on the basis of a passive

inventory control scheme. The accumulator was placed between the low-pressure

compressor suction and the high-pressure compressor discharge. When gas was

to be discharged from the accumulator to the system, a valve to the low-

pressure compressor suction was opened. When gas was to be withdrawn from

the system, a valve between the high-pressure compressor discharge and the

accumulator was opened, for example, a compressor with a pressure ratio of 12

would extend the limit of 65 per cent power level in a passive system down to

10 per cent.

An active system is presently being considered. This system places a

compressor in line between the high-pressure compressor discharge line and

the accumulator. For the same size accumulator the plant inventory can be

dropped to a lower value thus permitting efficient operation over a greater

power range.

PROPULSION PLANT SYSTEMS DEVELOPMENT (TASK 16) (T. J. Gerken, B. Lund,
R. Schonewald)

Instrument Development

The instrument development effort was devoted almost entirely to tempera-

ture detectors for main-coolant loop service. A preliminary functional

specification for these detectors has been prepared. Results to date indicate

that the requirements can be met without an extensive development program.

An analysis of the heat balance around a temperature detector was made

to assist in developing suitable evaluation procedures for the performance

of the detectors.



DEVELOP REFERENCE DESIGN FOR POWER PLANT ARRANGEMENT AND STRUCTURE (TASK 17)

(I. Kabler, A. McClure)

Plant Arrangement Studies

An arrangement of the prototype main machinery compartment enclosed in

a cylindrical containment vessel was prepared. The object was to develop

the desirable features which such an arrangement may have for both prototype

and shipboard application. It was found that the cylinder required to house

the prototype plant would be 30-ft. in diameter and 58.5-ft. long (excluding

the load absorber). In way of the reactor the cylinder is surmounted by a

vertical intersecting cylinder 14-ft. 6-in. diameter by 3-ft. 6-in. high with

a bolted dished head cover. This provides ample space for the control rod

drive mechanism and shielding.

The general arrangement of the compartment remains in-line, with the

precooler and intercooler stacked horizontally on the starboard side. The

decision to eliminate the main stop valve made it possible to change the

configuration and shorten the total length of the concentric duct between

the reactor and the high-pressure turbine. It is now possible for the

ducting to emerge from the after side of the reactor (along the compartment

center line), drop directly to the deck, then aft to a point below the

turbine, where it turns up directly and into the turbine nozzle. Various

modifications have been made in the connection between the regenerator and

the concentric duct to provide the simplest, most effective method of sealing

both the inner and outer ducts with inflatable plugs.

Component data for the coolant purification system, the emergency

cooling system, and the shutdown cooling system are being assembled. These

components will be arranged in the best locations within the containment.

Structural Studies

The foundation design for the rotating machinery remains unchanged and

consists of separate forward and aft sections. The aft section, a double-

pad support, is located below the power turbine and is rigidly anchored to

the after-compartment bulkhead. The forward section, a single-pad support,

remains below the compressor casings.

With this configuration the foundation is unobtrusive, yet it maintains



shaft alignment of the power turbine and power absorber, and allows minimum

bending of the machinery bedplate.

REACTOR START-UP ACCIDENT (TASK 14) (W. I. Thompson)

The start-up accident was analyzed for conditions which were estimated

to give the largest possible transient power peak. This combination of

conditions includes:

1. Minimum initial reactivity (k = 0.8 at end of life with all

rods inserted).

2. Minimum artificial neutron source (1010 neutron/sec. from Be

7,n) reaction.

3. Maximum control-rod withdrawal rate (2 x 10~ Sk/sec).

4. Minimum prompt negative reactivity temperature coefficient

(-1.25 x 10-5 Sk/ F).

The maximum power level was 108 Mw and the total heat generated during

the transient was estimated at 923 Mw-sec. At the end of the transient

the maximum fuel temperature had risen to 1130 F. and was rising at the

rate of 360F./sec. This accident could be safely terminated by inserting

the control rods to a 5k of 0.05 below critical within five to ten seconds.

The conclusion from this study is that control-rod withdrawal rates at

least as high as 1 x 10- Sk/sec. will be permissible. Positive rapid

insertion of the rods should be provided, but the period for insertion of

the rods can be as long as five to ten seconds.

The assumed neutron source of 1010 neutrons/sec., would be provided by

the Be (7, n) reaction as long as six days after a shutdown, following a

period of one day at full power.

CONTAINMENT OF HELIUM (TASK 16) (R. L. Schonewald, B. Lund)

The design of the plant must insure low leakage rates of helium, in

view of the cost of replacement and possible hazard from leakage of radio-

active contaminants. The diffusion leakage of helium through metal walls

will probably be very small. There is evidence that the solubility of

helium in steel is negligible, so that leakage by diffusion would not be
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expected. Direct tests have shown no detectable helium leakage under

conditions where a detectable leakage would correspond to a plant helium

loss rate of less than 1.7 x 10-5 inventories per year.

POWER PLANT OPERATING TRANSIENTS (TASK 15) (T. M. Silks, A. McClure)

Preliminary results have been obtained using the IBM 704 transient

program for the complete plant. The first transient studied was a sudden

reduction in power demand from full power to zero followed by a sudden

increase in demand from zero to full power. The transient was initiated

by closing the exhaust valve on the low-pressure turbine, and was compen-

sated by allowing the low-pressure turbine bypass valve to open as demanded

by the speed controller on the high-pressure turbine compressor shaft. The

bypass cooler was not included. The result of the decrease in power demand

was to increase the average reactor fuel temperature and to cause a compen-

sating drop of about 20% in reactor power output. The response of the

reactor followed the demand with a lag of only a few seconds. Reactor

outlet temperature varied only a small amount during this transient, since

the increase in fuel temperature was confined to the cool inlet end of the

core. Resumption of full power demand caused the system to return smoothly

to its initial steady condition.

Location of Failed Fuel Element

A sampling system to locate a failed fuel element while the plant is

still in operation has been proposed. As a result of the small coolant

hold up in the system, and resulting short circulating time of about 6 sec.,

the signal received from a failed element channel will soon become indistin-

guishable from the background contamination of the loop, except in the case

of relatively short-lived isotopes. For example, a signal-to-noise ratio of

5 to 1 at saturation would require an isotope with a half life of less than

100 sec. Since most of the fission products have half lives much greater

than 100 sec. the problem of locating a failed fuel element in a closed

cycle seems rather difficult.

Assuming a progressive type failure, which is accelerated by high

!mperature, the following method may be adapted to the MGCR. Indication



of a fission-product leak is firer given by the coolant-sampling and

monitoring system. When the rate of leakage exceeds a tolerable level the

plant is shut down, depressurized and cooled down by atmospheric air. The

coolant flow is then interrupted and fuel temperatures are allowed to rise

by reason of fission afterheat. A small flow of gas is then passed through

the core and coolant channels are individually sampled for fission-product

contamination. The method of flow interruption is well suited to MGCR,

since thermal radiation from fuel to moderator will prevent unsafe fuel

temperatures during the period of sampling.

LOSS OF COOLANT ACCIDENT (TASK 9) (G. Webb)

Analysis of the loss-of-coolant accident for the BeO-moderated core

containing 292 elements, each consisting of 19 rods, and operating at 53.3

Mw and 13000F. outlet gas temperature before shutdown has shown that a

19-rod fuel cluster will survive for roughly an hour after an accident with-

out reaching dangerous surface temperatures. Since this accident appears to

set the limit on the permissible number of rods per channel the analysis is

being extended to consider a 37-rod channel. Preliminary results indicate

that surface temperatures will be at least 200 0 F. higher with the 37-rod

channel. A test has been planned to check the radiant heat-transfer

calculations involved in the loss-of-coolant accident.

The analysis of fuel surface temperatures following a loss-of-coolant

accident was repeated for the new design conditions. The significant

differences from the above design are: the core has 308 19-rod fuel elements

instead of 292 with rod spacing increased from 0.052 to 0.060 in., and the

core operates at 74.4 Mw instead of 53.3 Mw. The higher power density

resulting from the increase in plant output (30,000 shp vs. 22,000 shp)

results in fuel surface temperatures about 270 F. higher than before. For

example, the maximum fuel surface temperature at 30 min. after the loss-of-

coolant accident is estimated at 1920 F. Moderator temperatures must be

kept at a reasonable level, either by good surface thermal contact with the

coolant passages, or by direct cooling with inlet gas.



III. ROTATING MACHINERY

DEVELOP REFERENCE DESIGN OF ROTATING MACHINERY (TASK 5) (A. Kazarinov,
A. McClure, F. E. McDonald)

Preliminary Design

Early in the quarter the power cycle was changed, resulting in an

increase in output power from 22,000 shp to 30,000 shp, maximum and an

increase in peak pressure from 800 psi to 1150 psi. The latter figure

was chosen to preserve the compressor volume flow; the size of the compressor

was thus not changed, but the blade-bending loads were increased approximately

In the case of the compressor blades, it was found that sufficient

bending strength could be achieved by increasing thickness at the root

from 15% to 18% of the chord.

A similar change is not practicable in the turbine because:

1. The low fatigue strength of Inconel 713C as observed in earlier

tests was confirmed.

2. A sufficient change in thickness would change the contour of the

blade path so much that a new blade model would be required.

3. Aerodynamic performance of the thicker blades woLLJ be inferior.

Increasing blade chord could solve some of these problems but

this would in turn result in a longer rotor with too low a

critical speed.

Several design modifications to the rotating machinery are being

studied simultaneously. They are:

1. To relocate the turbine compressor rotor bearings so that the high-

pressure turbine is supported on separate bearings. Turbine-blade

chord can then be increased, or other changes can be made, e.g.

decreasing diameter and increasing number of stages in order to

obtain the required blade bending strength.

2. To interchange the high-pressure and low-pressure turbines. The

advantage of this arrangement is that the high-temperature turbine

is run at low speed. and the low-pressure turbine, low-pressure

compressor rotor is larger in diameter and hence stiffer than the
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high-pressure turbine, high-pressure compressor rotor. Several

inherent difficulties presented by this arrangement are receiving

study prior to giving it more serious consideration.

Power Absorber

Investigations have been started on the suitability of using both

compressors of a twin-spool turbojet which would be operated with the

shafts locked together in order to attain the required capacity of a load

absorber for the prototype. Since the altitude of the test site may

affect the power-handling capability of any compressor designed for given

sea-level characteristics, it may be necessary to introduce water injection

and preheating of air in the inlet duct. These means of increasing capacity

are quite simple, and are being further evaluated.

WESTINGHOUSE TEST PROGRAM

Preliminary Design of Rotating Machinery

The preliminary machinery design with cycle conditions of 1300 F and

800 psi was completed. A new design study was initiated with cycle conditions

of 1500 F and 800 psi. Subsequently these later cycle conditions were

changed to 1300 F and 1150 psi.

The new study has been divided into two alternate designs -- one

utilizing a low-pressure power turbine and the other a high-pressure power

turbine.

Turbine Test Program

A successful trial run of the turbine model test facility has been made.

The turbine was run up to 6000 rpm, on critical speed and through, with

little vibration being observed.

Figure 3.1 is a view of the center of the test facility where the model

will be located. The instruments located above the shaft are vibration

pickups used in operational check runs. Figure 3.2 shows one of the 1000

horsepower water dynamometers in place. Figure 3.3 shows the second-stage

disc assembly.
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Compressor Test Program

The stage model compressor tests have been started. After shakedown

runs, data were obtained on the inlet-guide vanes, as well as on the

operation of the rotor and stator sections of the model.

Hood Tests

Tests of one configuration of the model turbine-inlet hood have

been completed. The pressure losses encountered were lower than expected.

The hood was also tested as an exhaust collector and favorable loss values

were obtained. The second model of the turbine-inlet scroll, a more compact

configuration has been designed and will be built and tested in April.

BEARING AND SEAL DEVELOPMENT (D. E. Holmes and A. McClure)

The basic lube and seal-system testing at the Electric Boat Division

was completed. In general these tests, designated the Second Series Tests,

have demonstrated the presently proposed gas-turbine lube and seal system

to be workable and efficient.

Oil-Seal Performance

The 3-in. diameter bronze oil bushings performed satisfactorily during

all tests with shaft speeds up to 14,000 rpm. No damage was incurred as in

the First Series Tests where bushings of longer axial length were repeatedly

damaged during high-speed operation. The bushings were tested with an oil-

pressure differential of 3-5 psi and as pressure-breakdown seals with a 500

psi differential. Oil leakage averaged 0.05 gpm at 3 psi differential and

3.6 gpm at 500 psi differential. Clearances were 5 to 6 mils on the diameter.

Gas Seals

The gas seals tested were spiral labyrinths or windbacks. The windback

is machined on its bore with a continuous spiral resembling a screw thread.

Windage of the gas revolving with the shaft forces any oil droplets tending

to progress along the shaft to wind back along the spiral to the drain cavity.

Oil spillage through the gas seals which had been experienced during

most of the tests was found to be caused by improper gas depressurization

procedure at the conclusion of each run. The gas which was being vented

from a point on the barrel, caused a reverse flow of gas from the oil-gas



mixture drain lines with resultant oil entrainment . No oil spilla[;e was

observed when the proper procedure was followed.

Leakage of seal gas is controlled by upstream and downstream labyrinths

and not by the seal clearances themselves. The orifices permit a limited

gas flow through each seal in order to maintain a minimum gas velocity in

the clearances, thus continuously opposing the axial flow of oil and resisting

back diffusion of gases and vapors. Later tests will determine the gas

velocity required for this process.

Static Seals

The simple circumferential 0-ring static seals performed well through-

out the test program. Their operation was simple and there was no

observable gas or oil leakage.

Bearings

As explained in the previous quarterly report (GA-1195), the oil whip,

which was detected in the plain journal bearings tested, necessitated a change

to pivoting-pad bearings. The pad bearings which require a somewhat more

complex and expensive system, are inherently stable and will eliminate future

problems of oil film instability.

Westinghouse Bearing and Seal Test Program

The preliminary phase of the bearing and seal testing was completed at

the Electric Boat Division. The test rig was dismantled immediately upon

completion of the tests and those components of the stand needed by Westinghouse

for the detailed tests and further designs were shipped to them.

The stand will closely simulate the gas-turbine system. Seals, bearings,

and system components will be full size. Shaft extensions, bearing-housing

geometries, and shaft speeds as well as gas and oil pressures and flow rates

will be duplicated.

Information to be gathered from this test program will include the

following:

1. Bearing and seal power losses, oil temperature rises, oil flows

and leakages.

i
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2. The possible need for a deaeration system.

3. Behavior of the system during all anticipated transients.

4. Amount of shaft overhang vibration.

5. Minimum gas velocity needed in gas-seal clearances to prevent oil

spillage.

6. Need for spiral windbacks as opposed to conventional labyrinths.

7. Optimum oil bushing design and clearance.

8. Starting procedures to be later applied to the gas turbine.

CYCLE ANALYSIS (D. F. Putnam, A. McClure)

The design heat balance was revised to reflect a number of

parameter changes. It was found that better reactor fuel economy results

when the reactor has a more compact core. Maximum cycle pressure was

increased so that a more dense gas would pass through the core. The new

design was arrived at by setting the plant output-at 32,000 HP at the low-

pressure turbine shaft, then setting maximum cycle pressure at 1150 psia.

At this pressure level the compressor and turbine volume flows remained

unchanged. With these two modifi nations, plant weight flow rose to 104 lb/sec.

Basic cycle efficiency improved about one-half a point due to a lowering of

reactor and piping parasitic pressure losses. The steam generator for

auxiliary loads located upstream of the low-pressure regenerator was replaced

with a waste heat recovery unit downstream of the regenerator; this unit

consists of a water heating coil placed in the flow stream within or adjacent

to the regenerator shell. This arrangement results in a net increase in

cycle efficiency. Sufficient hot water may be obtained by this means for

normal ship's service as well as normal tank heating and Butterworthing.
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BIOLOGICAL SHIELDING, THERMAL SHIELDING, RADIATION DAMAGE (TASK 12)

(J. M. Stein, J. R. Seibold)

A preliminary calculation has been made of the heat generation rate in

the moderator and reflector of the 60-Mw, 6.37-ft, BeO core. Figure 4.1

gives the heating rate in watts per cubic centimeter during operation and

shutdown conditions. The ratio of energy absorbed to energy released for

the same conditions is shown in Fig. 4.2.

These results are based on a homogenized cylindrical model with an

initial uniform power distribution, and consideration has also been given

to energy absorbed in the fuel and non-moderator components.

A calculation was made to determine the thermal shielding necessary to

reduce the fast flux (above 1 Mev) to a level which will not cause appreciable

radiation damage to the pressure vessel.

Variation of nvt (above 1 Mev) with thermal-shield thickness is given

in Fig. 4.3. Results are based on a 60-Mw, 6.37-ft, BeO core with a 7-in.

BeO reflector. Results indicate that the most significant factor in reducing

the fast flux is the reflector rather than the thermal shield. Neutron re-
-x

ovall in the reflector is by a fPator e ,, while attenuation in the iron is
by e -only.

A cost-integration code was prepared to factor into the current survey

a more accurate account of capital costs for various reactor sizes and power

levels. The code supplies cost information, thickness, and weight (where

applicable) for the following:

1. Thermal shield.

2. Pressure vessel insulation volume and cost only.

3. Pressure vessel (head, shell, bottom, and flange).

4. Primary shield.

Control rod drives (total cost only).

The code also includes provisions to supply input on a cost per pound

asis and1"or a basic fixed cost if desired. Results for a series of reactor

diameters and power levels versus total cost is shown in Figs. 4.4 and 4.5

f r 8o1. and 1200 psi.
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MGCR CRITICAL EXPERIMENT (TASK 13) (J. M. Stein, S. H. Levine, R. G. Bardes,
E. M. Gillette, A. D. McWhirter, A. J. Goodjohn)

During this period, the details of the design of the critical facility

were completed and the majority of the materials for construction procured.

Modifications to the facility have also been completed and the scheduled

completion date, May 1, is expected to be met.

Safeguards Report

A meeting was held with the AEC to discuss the Safeguards Report (GA-lloo)

which was issued this reporting period. It was felt that more information was

required on the pertinent radiation levels due to 500 w operation and health

physics methods for protecting personnel during such operation. This and

other information required will be covered in a supplement to report GA-1100

as well as the Administrative Procedures for the MGCR Critical Facility

(GA-1359).

Shock Absorber and Safety Rod Drives

These devices were described in the previous quarterly report (GA-1195).

Models of the shock absorber and safety rod drive have been tested at the

vendor's laboratory with satisfactory results. An accelerometer was used in

testing the shock absorber and results show a large, sharp initial peak

greater than 100 g for 3 msec which results from the inertia of the shock

absorber. Although the system would operate satisfactorily as is, the weight

of the shock absorber will be decreased to mitigate this peak.

Airborne Contamination

Calculations were made to ascertain the degree of hazard in the atmosphere

of the critical assembly room after prolonged operation at a high power level.

In the BeO critical assembly there are three sources of airborne contamination:

1. Fission products.

2. Irradiation of Argon.

3. Tritium production from the irradiation of BeO.

Table 4.1 lists the activities and tolerances for 8 hrs. operation at

500 watts, and the tolerances for L hrs. operation at 1 watt. No ventilation

of the building is assumed, but sufficient turbulence is present to provide



a uniform distribution of contaminants throughout the atmosphere within the

building.

The tolerances are computed by comparing the activity of the specific

radionuclide with the maximum permissible concentration (MPC) for a 40-hr.

week for normal occupational exposure. In view of the relatively large

amounts of activity released with the fission products, it is proposed that

the maximum power level for the MGCR critical facility be limited at this

time to 1 watt, and that operations be further limited to 4 watt-hrs. per

week. Even at this power level, the concentration of certain isotopes is

above tolerance, as noted in Table 4.1. However, the actual concentrations

are expected to be considerably below tolerance due to the operation of the

2000 cfm exhaust fan and filter system.

In order to calculate the fission product release, it was assumed that

the only mechanism of escape was by recoil through the surface of the fuel

element, and that once a radionuclide thus became free, it stayed in the

atmosphere indefinitely. The recoil range was taken to be 5.4 x 10~4 in.;

since the fuel elements are back to back, only one-half of the surface area

can release fission products in this way.

The argon activity was calculated by assuming that argon in the atmosphere

was exposed to the average core thermal flux in the void of the core. The

value of the average flux used was 2 x 108 neutrons/cm2 /sec. The argon

concentration reaches 95% of saturation during 8 hrs. of operation as it

decays with a 1.82-hr. half-life.

Calculations were made on the tritium production in the BeO moderator

from the Li (n,a) H3 reaction, the Li being formed from the fast-neutron
B9  H 6  6

reaction, Be (n,a)He - Li . For low powers and short operating times

compared to the half-life of tritium (12.5 yrs), the production may be

assumed as being proportional to the operating time. The activity given in

Table 4.1 is based on this assumption, and also on the assumption that all

of the tritium formed in the moderator blocks escapes into the atmosphere.

The value given is therefore conservative and shows that tritium is not a

significant radiation hazard. For the graphite cores there is no tritium

production.

Y4



FISSION PRODUCT

Table 4.1

ACTIVITIES FOR CONTINUOUS OPERATION OF CRITICAL ASSEMBLY

Radionuclide

1133

1135

Sr92

Sr9 1

1131

Tc9 9

P149

Cel43

Te132

Bal4O

Mo9 9

Cel44

Xe135

Zr95

Y91

Sr89

Nd147

Sr9

R10 5Rhl'S

R10 .iRul

Ce41

Xe1 3 3

A4 1

H3

Activity (pc/cm3 )
500 w for 8 hrs

Excess of MPC
500 w for 8 hrs

, , ,4

1.3 x 10

3.1 x 10

8.2 x 10
2.4 x 10

6.5 x 10

3.6 x 10

7 x10-5

2.5 x 10

8.5 x 10

3.7 x 10

3.6 x 10

2. 3 x 10

1.6 x 10

1.6 x 10

1.6 x 10

4.2 x 10

1 x

1. x 10

3.1 x 10
2.1 x 10

2.4 x 10

6.3 x 10

-4

-4

-4

-4

-6

-5

-5
-6

-5

-7
-4

-6

-6

-6
-6

-6

-6

-5
-6

-10

4300 (T)

3100 (T)

2700 (GI)

800 (GI)

720 (T)

600 (L)

500 (GI)

350 (L)

250 (GI)

210 (L)

180 (GI)

60 (L)

58 (TB)

50 (L)

50 (L)

40 (L)

21 (L)

20 (L)

G GI,

16i.L)

10 (L)

2.1 (TB)

1.2 (TB)

Negl.

Excess of MPC
1 w for 4 hrs

4. 3 (T)

3.1 (T)

2.7 (GI)

0.8 (GI)

0.72 (T)

0.6 (L)

0.5 (GI)

0.35 (L)

0.25 (GI)

0.21 (L)

0.18 (GI)

0.06 (L)

0.058 (TB)

o.05 (L)

0.05 (L)

0.041 (L)

0.02 (L)

K.02 (GI)

J.ol6 (L)

0.01 (L)

0.0021 (TB)

o.oo2 (TB)

Negl.

Tolerance given compared to that for most critical body organ:

(T) ------ Thyroid
(GI) ---- Gastro-intestinal tract
(L) ------ Lungs
(TB) ---- Total body

75
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Auxiliary Experiments

Future experiments will include:

1. Hot Box Experiments. These will cover the insertion of lumped U-238

and rare earths into the graphite assembly at the Nevada Test Site

to determine resonance absorption as a function of geometry, com-

position, and temperature. This will be a check on analytical

determination of resonance absorption in the fuel elements and

control rods. Preparation of fuel and poison assemblies for this

experiment has been started and the experiments will be completed

during the next quarter.

2. Fermi Age. A determination of the age in BeO is being made; the

General Atomic electron linear accelerator is being used to generate

neutrons. The technique of determining the age is new and is being

checked with graphite to establish its accuracy.

3. Thermalization. A series of experiments with the linear accelerator

have been under way for some time to determine the thermalization

properties of graphite. Some of these experiments will be repeated

with BeO.

4. Cross Sections. A few small experiments with the linear accelerator

and the General Atomic TRIGA Reactor will be performed to determine

the total and slowing down cross-section for BeO.

NUCLEAR DESIGN OF REACTOR (TASK 22) (J. M. Stein, H. A. Vieweg, A. D. McWhirter,
A. J. Goodjohn, J. R. Seibold, L. R. Amyot)

BeO Core Survey(l),(2)

The survey results previously presented (Report GA-1195) determined the

optimum loadings required to obtain minimum fuel-cycle cost for low-pressure

drop, 1200-psi, BeO-core designs of 5-ft, 6.37-ft, and 7.5-ft diameter and

length, with 3/8-in. OD fuel rods and 7-ft BeO reflector. As expected, the

lowest fuel-cycle cost was obtained in the 7.5-ft core because of its superior

moderating properties and lower neutron leakage (Table 4.2).

To assess the effects of capital costs for core moderator, reflector,

pressure vessel, thermal and primary shielding on core size selection, these



added costs have been amortized at an annual rate of 12% and put in terms of

mills per shaft-horsepower-hour so that they may be directly compared and

(3)added to the fuel cycle cost. The results are shown in Table 4.3.

Capital cost data for items outside the reflector were obtained from

a preliminary consolidation of cost data on pressure vessels and primary

shielding.

Table 4.3 also shows the difference in cost for BeO and graphite

reflectors. This particular subject is discussed in more detail in a later

section of this report.

The cost of core and reflector moderator is based on the following unit

cost estimates for 1970:

Estimated Price, 1970
Material ($/lb)

Core BeO 22.00

Reflector BeO 15.00

Core graphite 1.50

Reflector graphite 1.50

The small correction for cargo loss in Table 4.3 is a result of the

increased weight of larger systems which results in a reduction of cargo

weight by the same amount; the figures are based on the Kuwait-New York

route for oil transport.

When the capital cost items are considered with the fuel-cycle cost in

Table 4.3, a minimum cost occurs for a reactor having a core diameter and

length of about 6.4 ft. However, amortization of the core moderator at a

rate of 12% may be rather optimistic. If the life of the core moderator is

shorter, the optimum will shift toward a reactor with a core smaller than

6.4 ft.

Fuel-cycle costs shown in Table 4. 3 are for low core pressure drop

designs. As a result of recent changes in cycle conditions and heat transfer

information, the low pressure drop which was considered desirable at the time

the survey calculations were made is now considered too low. The fuel-cycle

costs for the 5-ft core could be reduced more than the costs for larger cores
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Table 4.2

OPTIMUM CONDITIONS FOR 5-FT, 6. 37-FT, AND 7. 5-FT CORES;
LOW PRESSURE DROP - 3/8 IN. OD FUEL RODS

Core Size

5.0-ft 6.37-ft 7.5-ft

Initial U-238 inventory, kg 430.0 2200.0 5500.0

Initial U-235 inventory, kg 168.9 145.4 176.0

Initial enrichment, v/o 28.2 6.2 3.1

Volume percent BeO diluent 89.5 61.1 9.8

Resonance escape probability, P 0.771 0.759 0.758

Initial conversion ratio 0.388 0.473 0.577

kff, hot clean 1.252 1.233 1.180

Lifetime, yrs 3.64 4.04 4.14

Total plutonium at end of life, kg 21.85 29.93 35.99

Fuel-cycle Costs (mills/SHP-hr)

Conversion and pelleting 0.038 0.057 0.086

Fabrication 0.154 0.122 0.092

Shipping 0.005 0.020 0.044

Reprocessing 0.122 0.116 0.123

Reconversion 0.016 0.012 0.028

Capital investment charge 0.028 0.023 0.020

Inventory interest charge 0.601 0.473 0.471

Burnup cost 1.324 1.093 1.0+3

Net Gross Total 2.288 1.916 1.907

Pu Credit, $12/g - 0.208 - 0.296 - 0.363

NET FUEL-CYCLE COST

J .__

2.080 1.620 1.544
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Table 4.3

COMPARATIVE COST SUMMARY WITH BeO AND GRAPHITE REFLECTORS

Core Diameter,

Core, BeO

Reflector, BeO

Shielding, pressure vessel,
and internals

Total (dollars)

Dollars/yr

Equivalent mills/SHP-hr

Fuel-cycle cost

TOTAL

Cargo loss

Net mills/SHP-hr

7-in. BeO Reflector

$ 322,000

151,000

577,000

1,050,000

126,000

0.55

2.08

2.63

- 0.03

2.60

$ 752,000

229,000

738,000

1,719,000

206,000

0.90

1.62

2.52

2.52

$1,225,000

310,000

887,000

2,422,000

291,000

1.27

1.54

2.81

+ 003

2.84

12-in. Graphite Reflector

Core, BeO

Reflector

Shielding, pressure vessel,
and internals

Total (dollars)

Dollars/yr

Equivalent mills/SHP-hr

Fuel-cycle cost

TOTAL

Cargo loss

Net mills/SHP-hr

$ 322,000

18,000

672,000

1,012,000

121, 500

0.53

2.08

2.61

- 0.03

2.58

$ 752,000

27,000

845,000

1,624,000

195,000

0.85

1.62

2.x47

2.x47

$1,225,000

37,000

1,030,000

2,292,000

275,000

1.20

1.54

2.74

+ 0.

2.77
"
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by going to high pressure drop designs. This would be a result of the larger

effect of void volume on the neutron economy of reactors of small size.

The original primary aim of the survey was to find the optimum design

for a specific series of core sizes and configurations. During the current

reporting period, however, changes in cycle efficiency and refinements in

heat transfer calculations have resulted in changes in the number of fuel

elements and fuel element dimensions. A series of specific core designs

evolved for 800-psi operation and nuclear calculations for this operation

have been initiated.

A comparison of fuel-cycle cost was made between an 800-psi design and

a 1200-psi design. Both designs use highly diluted fuel bodies. A pre-

liminary comparison of performance is shown in Table 4. 4.

A problem of acceptable diluent concentrations in the fuel elements is

under investigation. At present it appears that a choice must be made between

pure U02 fuel bodies, and mixtures in which the BeO diluent must exceed 70

v/o. In the large variety of designs considered in the survey no particular

dilution with BeO was sought, and diluent concentrations ranged from essen-

tially zero up to nearly 95 v/o.

The optimum loadings obtained for both 1/4-in. and 3/8-in. fuel rods

in the 6.37-ft core, fall in the undesired dilution area, as indicated in

Table 4.2. The 1/4-in. rod design presents the best possibilities of getting

a pure UO2 fuel body because of its low volume-to-surface ratio. This,

however, requires a shift to a U-238 inventory considerably larger than the

optimum. The 3/8-in. rod design is better suited to the highly diluted fuel

body, but requires a shift away from the optimum loading in the direction of

lower U-238 content.

Table 4.5 shows a comparison of performance and fuel-cycle costs for the

3/8-in. rod core with 73 v/o dilution of fuel bodies (Design A) and the

1/4-in. rod core with undiluted fuel bodies (Design B).

The burnup and plutonium credit is more favorable on Design B, but is

not enough to compensate for the high handling charges for the large fuel

loading. This condition may be alleviated by going to longer-lived fuel

bodies.



Table L.4

COMPARISON OF 800-PSI AND 1200-PSI DESIGNS

Design

A B C

Pressure, psia

Core pressure drop, psia

Outlet temperature, oF

Over-all efficiency

Thermal Mw

Fuel rod OD, in.

Fuel rods per element (1 dummy

Fuel elements

Total uranium capacity, kg

Dilution of fuel body, %
Initial U-238 loading, kg

Initial U-235 loading, kg

Initial enrichment, %
Final U-238 loading, kg

Final U-235 loading, kg

Final enrichment, %
Plutonium inventory at end ofI

Core life, yrs

kff, hot clean

Initial conversion ratio

Fuel-cycle cost (mills/SHP-hr)

Conversion and pelleting

Fabrication

Shipping

Reprocessing

Reconversion

Capital investment

Inventory interest

Burnup-

)

life, kg

GROSS TOTAL

NET Pu CREDIT (Pu Credit $12/g)

NET FUEL-CYCLE COST

1200

40

1300

0. 315

75.3

3/8
19

316

6500

72.7

1652

123

6.93

1609

64

3.83

22.1

2.27

1.226

0.476

800

4o
1500

0-360

66.3

3/8

19

394

8120

84.5
1125

131

10.42

1086

70.7

6.10

21.8

2.60

1.226

0.457

800

40

1500

0-.360
66.3

3/8

19

394

8120

72.7

2080

140

6.30

2036

91

4.28

27.8

2.19

1.104

0.612

0.079

0.212

0.025

0.144

0.016

0.026

0. 439

1.x422

2.363

- 0.388

1. 975

0.061

0.231

0.015

0.136

0.054

0.032

0.1475

1.450

2.454

- 0.335

2.119

0.100

0.272

0.033

0.206

0.021

0.032

0. 493

1.334

2.491

- 0.507

1. 984
I I



82 Table 4.5

COMPARISON OF PERFORMANCE AND FUEL-CYCLE COSTS FOR DESIGN A ANT) B

DESIGN A DESIGN B
3/8-in. Rod Core 1/4-in. Rod Core
with 37 Dilution with Undiluted

of Fuel Bodies Fuel Bodies

Pressure, psi 1200 1200

Core pressure drop, psi 40 40

Outlet temperature, 0F 1300 1300

Over-all efficiency 0.315 0.315

Thermal Mw 75.3 75.3

Fuel rod OD, in. 3/8 1/4

Fuel rods per element (1 dummy) 19 19

Fuel elements 316 480

Total uranium capacity, kg 6500 4130

Total uranium 1775 4130

Dilution of fuel body, % 72.7 0

Initial U-238 loading, kg 1652 3950

Initial U-235 loading, kg 123 180

Initial enrichment % 6.93 4.35

Final U-238 loading, kg 1609 3882

Final U-235 loading, kg 64 117

Final enrichment, % 3.83 2.93

Plutonium inventory at end-of-life, kg 22.1 41.6

Core life, yrs 2.27 2.675

kff, hot clean 1.226 1.100

Initial conversion ratio 0.476 0.688

Fuel-cycle cost, mills/SHP-hr

Conversion and pelleting 0.079 0.124

Fabrication 0.212 0.251

Shipping 0.025 0.051

Reprocessing 0.144 0.226

Reconversion 0.016 0.032

Capital investment 0.026 0.036

Inventory interest 0.439 0.577

Burnup 1.422 1.414

GROSS TOTAL 2.363 2.711

NET Pu CREDIT - o.388 - 0.622

NET FUEL-CYCLE COST 1.975 2.089
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The survey made on the 1200-psi designs, described in report GA-1195

has provided data on a series of designs broad enough to evaluate the

influence of core size, fuel lumping, loading, and enrichment on nuclear

performance and fuel-cycle cost. Quantitative information was also obtained

to determine the over-all economy as a function of core size.

This study has also made possible the determination of the reactor and

fuel element sizes which are compatible with the two fuel-body (A and B)

concepts which now appear to warrant further investigation.

The number of fuel elements and the cycle efficiency have changed during

the course of the survey so that the details of the designs are no longer

applicable. Thus the data obtained will be used to establish conditions as

a function of more generalized parameters which can be used for quick extra-

polation to other conditions. No further broad survey work is therefore

contemplated.

Selection of Reflector Material for Prototype

The prototype reactor will be built with a BeO-moderated core. Due to

the high cost of BeO, graphite had been considered along with BeO as a

possible reflector material. It was also suggested that the use of pure

beryllium may yield a more economical system, and this has also been in-

vestigated.

The comparison of different reflector materials was made on the basis

of determining capital cost for equal nuclear effectiveness. The nuclear

effectiveness is computed on the basis of the reflectivity of the materials.

As pointed out in report GAMD-610(4), the reflectivity must be considered

in terms of three different component albedos:

1. Thermal albedo, as -- the fraction of thermal neutrons which are

reflected back to the core.

2. Fast albedo, aF -- the fraction of fast neutrons which are reflected

back to the core.

3. Conversion albedo, ac -- the fraction of fast neutrons which are

returned to the core as thermal neutrons.

The thermal albedo is least important because the thermal neutron



leakage is small compared with fast neutron leakage. The effectiveness of

the other two albedos is expressed in terms of the quantity:

a
c

l -a,

As shown in report GAND-610, a given core with various reflectors having

the same 7 will have the same nuclear performance and fuel-cycle cost. The

comparison of 7 for BeO and graphite reflectors is shown in Fig. 4.6. Some

values of particular interest read from these curves are as follows: (1) A

7-in. thick BeO reflector is equivalent to a 12-in. thick graphite reflector,

(2) a 10-in. thick BeO reflector is equivalent to a 16.5-in. thick graphite

reflector. Hence, with the same core, the over-all diameter of the reactor

is larger in all cases when a graphite reflector is used. Although the cost

of graphite is very small compared with that of BeO, the larger reactor size

requires a larger pressure vessel and primary biological shield. The over-all

cost difference should, therefore, include all these effects.

The material costs used are based on projections to 1970. The data on

BeO and Be were obtained from Brush Beryllium Company. These materials costs

are:
Cost

($/lb)
1960 1970

BeO (machined for reflector) 28 15

BeO (machined for core) -- 22

Be 70 25

Graphite -- 1.50

In calculating the over-all costs, the amortization on these materials

was taken at 12%, the same figure used for the pressure vessel and shielding.

When cost comparisons are made between reflectors which do not have the

same effectiveness per unit thickness, the size of the reactors will be

different and differences in costs of pressure vessel, internals, and primary

shielding have to be included. For the purpose of comparisons made here,

data for a 1200-psi system are used. The over-all costs of these items as

a function of reactor diamter is shown in Fig. 4.5.
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The use of beryllium metal instead of BeO may improve over-all costs

because of its machinability and higher concentration of beryllium. The

presence of oxygen in BeO does not decrease the moderating properties in

comparison with Be on a unit volume basis and the Fermi age for the two

materials is practically the same, yielding the same value of 7 for the same

thickness of material. A direct comparison of Be and BeO reflectors is

shown in Table 4.6. This comparison is 7 in. for a radial reflector on a

6.37-in. core. The end reflectors are not included since they will be made

of core-type BeO. The radial reflector is considered to extend over the

full 7.54-ft length of the reactor.

Table 4.6

COMPARISON OF 7-IN. BeO AND Be REFLECTORS ON A 6.37-FT-CORE

BeO Be

Density, g/cm3  0.85 x 3.0 0.85 x 1.85

Density, lbs/ft 3  159 98.2

Weight, lbs 15,260 9,430

Cost in 1970, $/lb 15 25

Reflector cost, $ 229,000 236,000

The above indicates that based on 1970 cost predictions a Be reflector

would actually cost more than one of BeO. On the basis of current costs

a Be reflector would cost $233,000 more than a BeO reflector. This large

difference in cost seems to justify elimination of Be as a reflector

candidate for the prototype and most probably for future power plants.

The low cost and ease of fabrication of graphite, in comparison with

BeO, make it look very desirable as a reflector material. Its lower nuclear

effectiveness, however, results in the need for thicker reflectors. The

material cost associated with a thick graphite reflector is still small

compared with BeO, but the larger size of the reactor resulting fran its

use increases other capital costs considerably. Table 4.7 illustrates these

differences as associated with one reflector thickness for three different

core sizes. The graphite is considered bare in these cases; therefore 12-in.

of graphite is equivalent to 7-in. of BeO.
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Table 4.7

COMPARISON OF 7-IN. BeO AND 12-IN. GRAPHITE REFLECTORS

With 7-in. BeO Reflector

Core diameter (ft) 5 6.37 7.50

Cost of reflector, $ 151,000 299,000 310,000

Cost of shielding, pressure
vessel, etc., $ 577,000 738,000 887,000

TOTAL $ 728,000 $ 967,000 $ 1,197,000

Equivalent mills/SHP-hr 0.382 0.507 0.628

With 12-in. Graphite Reflector

Cost of reflector, $ 18,000 27,000 37,000

Cost of shielding, pressure
vessel, etc., $ 672,000 845,000 1,030,000

TOTAL $ 690,000 $ 872,000 $ 1,067,000

Equivalent mills/SIP-hr 0.361 0.457 0.559

Difference mills/SHP-hr 0.021 0.050 0.069

Another comparison that can be made is for different reflector thick-

nesses for the same size core, e.g., the combination of a 10-in. BeO

reflector and its nuclear equivalent of 16.5 in. of graphite. Table 4.8

shows a comparison of these for a 6.37-ft core.

In all the cases considered here, the difference in cost is less than

5% of the fuel-cycle cost. Since the bare graphite reactor introduces

problems of carbon transport, the savings may be lost or actually reversed

by the cost of changes introduced to cope with these problems.

Two approaches have been suggested to eliminate the carbon transport

problems:

1.

2.

Cladding the graphite.

Putting an isolating shell between core and reflector.

A study of the cladding influence on nuclear performance indiLdues a

required increase of the 12-in. reflector thickness by 1.5 in. to compensate

for the cladding. This is based on 15 mil stainless steel on unit graphite
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blocks 12 by 8 by 8 in. The costs associated with this are shown to be:

Reflector thickness, in.

Cost of reflector graphite, $
Cost of shielding, pressure vessel, etc., $

TOTAL

Equivalent mills/SHP-hr

13.5

30,400

882,000

912,400

0.T 8

This differs from the cost of the 7-in. BeO reflector by 0.029 mills.

To equal the cost of the BeO reflector, the clad graphite would have to be

available at an equivalance of $).20/lb or, expressed in another way, the

cladding would have to be added at a cost of $55,000.

Table 4.8

COMPARISON OF BeO AND GRAPHITE FOR TWO REFLECTOR THICKNESSES 6.37-FT CORE

With BeO Reflectors

Reflector thickness, in. 7 10

Cost of reflector, $ 229,000 337,000

Cost of shielding, pressure
vessel, etc., $ 738,000 802,000

TOTAL COST $ 967,000 $ 1,139,000

With Graphite Reflectors

Reflector thickness, in. 12 16.5

Cost of reflector, $ 27,000 39,000

Cost of shielding, pressure
vessel, etc., $ 845,000 958,000

TOTAL COST $ 872,000 $ 997,000

Equivalent mills/SHP-hr o.457 0.522

Difference mills/SHP-hr 0.050 0.075

The use of an isolation barrier between core and reflector has also

been studied. This study indicates a need to double the reflector thickness

to compensate for a 0.25-in. barrier, the minimum considered structurally

practical. This would result in a much higher cost for the use of a graphite

reflector.



89

The results of the investigations indicate a preference for BeO as the

reflector material. This advantage is based on the small difference in

cost when viewed on an over-all basis. Although the cost with BeO is slightly

higher than with bare graphite, the use of a smaller pressure vessel and the

avoidance of the problems associated with carbon transport make the BeO

appear the best choice.

The exact size of the BeO reflector recommended for the prototype has

not been established but it will be in the range of 7 in. to 10 in. The use

of a fixed 7.5-ft reactor diameter is now tentatively recommended. The split

between core and reflector will be determined during the next quarter. This

will be based on balancing better power distribution against fuel-cycle cost.

Perturbations on Prototype Design

Influence of Change in Reflector Size(3)

The influence of a change in size of the reflector on fuel-cycle cost

will depend on the change in power distribution associated with it and the

accompanying change in number of fuel elements. These effects are currently

being studied and results will be available early in the next quarter.

Estimates have been made of the effects of changes in reflector size

on reactivity and size of external equipment accompanying a change from

7 in. of BeO to 10 in. of BeO for the reflector of Design A mentioned

previously. The increased reflector permits a reduction in U-235 inventory

of 11.8% which corresponds to a decrease in fuel-cycle cost of 7%. Accompany-

ing this change is an increase in capital cost due to the larger reflector,

pressure vessel, and primary shielding amounting to 4.5%. The decrease of

2.5% of the fuel-cycle cost demonstrates that there is no economic penalty

in seeking a better radial power distribution by increasing reflector thick-

ness with a fixed core diameter for the particular case chosen. This would

not hold true for a design with a very large well-moderated core where an

increase in reflector thickness would make little improvement in the fuel-

cycle cost but would result in a large increase in the capital investment

of equipment outside the reactor.

Influence of Structural Material

Some calculations were made to approximate the effect of adding poison
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to the core in the form of shrouds and structural steel. The poison

additions being considered are:

1. A plain hexagonal-steel shroud 0.010 in. thick surrounding each

fuel element.

2. An advanced design hexagonal-steel shroud which surrounds each

fuel element and has cooling fins on it.

3. A square lattice of steel 0.010 in. thick which encloses nine

fuel elements and the associated moderator.

4. A hexagonal lattice of steel 0.010 in. thick which encloses

seven fuel elements and the associated moderator.

The effect of these perturbations on reactivity, performance and fuel-

cycle cost was calculated for the prototype Design A. The hot clean keff

for this core, without shrouds or structural steel, is 1.226. Table 4.9

shows the effect on reactivity and the increase in U-235 loading required

to compensate for the shrouds and structural steel lattices.

In computing these figures it was assumed that the shroud metal, being

next to the fuel element, suffered a disadvantage factor equal to the flux

depression into the fuel element, K . It was also assumed that the structural

steel lattice was exposed to the unperturbed average core flux and is,

therefore, worth more pound for pound as a poison than the shroud metal.

These calculations are first-order approximations and do not include any

effects of the steel on the fuel elements insofar as self-shielding or

increase in neutron temperature are concerned. It is expected that such

effects will be small.

For the prototype Design A, the addition of the plain shroud results

in an initial U-235 loading of 135.6 kg instead of the 123 kg for the

unshrouded case. The fuel-cycle cost goes from 1.98 to 2.10 mill/SHP-hr

which is an increase of 6%.

The use of an hexagonal structural lattice surrounding seven unit

cells within the core structure, which requires an 11.4% increase in

U-235 loading for compensation, increases the fuel-cycle cost another

6.5%
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EFFECTS OF POISONS ON REACTIVITY AND INCREASE IN U-235
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LOADING REQUIREMENTS

Total Steel Decrease in Increase Increase
T l Reactivity in Fuel in Fuel

Steel (Poison) Additions Vol. (ft 3 ) (% Sk/k) (kg) (%)

Plain hexagonal 0.89 1.66 12.5 10.2

Finned shroud 1.3 2.5 18.7 15.2

Square lattice, structural
steel 0.69 1.77 13.4 10.9

Hexagonal lattice,
structural steel 0.73 1.8 14.0 11.4

Plain hexagonal shroud
with hexagonal lattice
structural steel 1.62 3.60 27.1 22.0

Plain hexagonal shroud with
square lattice structural
steel 1.58 3.56 26.9 21.8

Finned shroud with square
lattice structural steel 1.99 4.40 33.2 27.0

Finned shroud with
hexagonal lattice
structural steel 2.03 4.43 33.4 27.2

Effect of an Al 0 Moderator Support Sleeve

A preliminary investigation has been made of the effects of

support sleeve for the moderator elements on the fuel-cycle cost

performance of an alternate of Design A (described in Table 4.5)

prototype.

an Al203

and

for the

The Al203 sleeve considered was 1/ 4 -in. thick and had a 2-in. ID.

This corresponds to approximately 12.2% of the core volume and displaces

14% of the total BeO volume of Design A. In evaluating the Fermi age the

Al203 and BeO were considered to be homogeneously distributed in the core.

Because of the poor slowing down properties of Al203, the Fermi age increased

by 17.6% over that in Design A.

The basis chosen for comparison with Design A was that the same

performance would be maintained essentially in terms of conversion ratio

and fractional burnup of U-235. To accomplish this the U-238 loading was
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decreased 6.6% and the U-235 inventory increased 6.2% which gave a 4% higher

lifetime than in Design A. The fuel-cycle cost increased 3.6%.

The estimated 3.6% increase in fuel-cycle cost for the use of the Al203

sleeve might be conservative because no credit was taken for the increased

moderating effectiveness of the reflector in relation to the reduced

moderation in the core. However, the homogenization of the Al203 and BeO

probably results in underestimating the increase in Fermi age. These two

influences may cancel each other.

More refined calculations of the effect of an Al203 sleeve on performance

and fuel-cycle cost will be made in the next quarter if such a moderator

element design becomes of serious interest.

Control Rod Design

A control rod study has been initiated. On the basis of hand calculations

performed on the 6.37-ft core with 3550 kg of U-238 and 175 kg of U-235, the

required rod worth, referred to cold shutdown reactivity, was found to be

31.6% and the corresponding hot value was 49.0%.

At the onset of this control rod study, considerable interest was centered

on the 292-cell, 6.37-ft core with 4500 kg U-238, and 200 kg U-235; a core

closely equivalent to the former (355 kg U-238 and 175 kg U-235) and this

latter core was selected as the design for control rod calculations. Both

hexagonal and square control rod arrays were considered in this investigation.

Several patterns of hexagonal arrays of 3-, 5-, and 6-bladed control rods

were laid out, and a configuration of 31 double Y-shaped rods chosen for

detailed analysis (Fig. 4.7). A similar study was conducted on square arrays

for which two models of cross-shaped rods were chosen. On one of the models,

the active portions of the rods were centered at the boundary of a square

array of nine fuel elements. In the second model, the entire control rod

blade was active.

The results of machine computations carried out with these various rod

patterns are listed in Table 4.10. It will be seen that 31 double Y-shaped

rods with 2.5-in. blades, or 16 cruciform rods with a 9.6-in. active span

and a 16.8-in. total span will satisfy the reactivity requirements. If
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Fig. 4.7--Rod configuration; 292 cells, 31 rods



TABLE 4.10

Control Rod Worth

Active length Hot Rod Worth Cold Rod Worth
o ' haze Rod Cell Co nfiguration 2 (in) ITo. of Rods (5) ()

2.45" 10I
be Y --- ?1 44.3 .-

12.75 IN.

4--.0 16 44.' 28.8t c

-uci forI

-146.4 .0

12___ _ _ __ __I_ __N_ __ _ _ __ _ _49.6 32.2

I,

= aci orm 12IN. 4.9 16 43.8 29.9

1.5 IN.-

Cruciform |12 IN. 5.5 16 37.2 26.2



wholly active cross-shaped rods are used, the total rod span is reduced to

12.0 in. with a corresponding decrease in rod weight.

Another study of control rod configurations was made to comply with the

new concepts of moderator-block designs. The larger moderator blocks re-

strict the number of possible control rod configurations. The study has

therefore led to the three designs shown in Figs. 4.8 - ir.10. Further study

of these configurations should lead to a selection of the control rod pattern

for the prototype. The cruciform rods considered in the early study were

associated with the configuration shown in Fig. 4.8.

Power Distribution

A series of PDQ calculations was performed to get gross axial power

distribution as a function of rod-bank position. Using the configuration

shown in Fig. 4.8 with rods of 9.6-in. active span, the equivalent poison

cross section was determined for the PDQ problems. The results of this

study are shown in Fig. 4.11. These data have been used in the latest heat-

transfer calculations.

The local power distribution uas determined in the vicinity of the

control rods in order to determine adjustments in the rodded portion of

the gross distributions. A contour plot of the flux in the vicinity of rods

and near the center of the core is shown in Fig. 4.12. A similar plot for

a unit cell with the double Y-shaped rod is shown in Fig. +.13.

The flux depression in the fuel region has been determined for a number

of fuel elements using the SN-8 transport code. The flux for the 19-rod

element with a dummy center rod is as shown in Fig. 4.14. The ratio of heat

generation per rod in the inner ring of rods to that of the outer ring is

0.882.

The effect of a change in the absorbing and moderating properties of

the central rod of a 19-rod bundle was investigated and found to be relatively

small. In this problem BeO, solid stainless steel, and stainless-stoel clad

fuel were compared as center rod materials.

As a result of these various calculations, it should be possible to

obtain a reasonable estimate of the flux and power level at any ;'int within

the core.
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Analysis of BeO Critical Experiments

Due to prevailing uncertainties in BeO properties, criticality calcu-

lations have been performed on bare, clean, BeO/U-235 critical assemblies in

order to develop consistent data and calculational procedures for use with

BeO. The source of experimental data has been the critical assemblies built

at Livermore, and the Hot Box at the Nevada Test Site. These critical assem-

blies were all operated at room temperature and were constructed of layers of

1-in. BeO blocks and 1- or 2-mil highly enriched uranium foils. These were

the only materials in the assemblies, except for a 2-mil stainless steel

cladding on the Hot Box fuel foils. There were a total of six assemblies

ranging in blackness given by BeO/U ratios of 493 to 3830. The BeO used was

free from highly absorbing impurities.

The method of determining the criticality of these systems was essentially

the same as that used in the MGCR survey analysis (2), with the following

modifications:

1. The thermal neutron temperature was computed by the formula

= [a( + Bs Ds Tm
n T Tm 1 y E

s

where 7 = 5.0.

The value of 7 used is higher than that used in report GAMD-1270(2),

the higher value being used to account for the crystalline effect

of the cold moderator on the thermalization process. This value

of 7 was determined as the one that gives the best results for the

range of experimental cores available.

2. The value of CM, the moderator fast effect due to the (n,2n)

reaction, was reduced to 1.05. This is lower than the value given

in report GAMD-1157(5) of 1.066, since it takes into account fast

leakage as a computing process with an,2n. All of the experimental

cores under consideration are small and unreflected so that fast

leakage is a considerable factor.

3. The epithermal cross sections for U-235 were taken from the cross

section compilation of Garrison over the range from 10 Mev to
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the thermal cutoff, 0.625 ev. These values are

2 = 26.22 barns

and )7 = 1.6864

4. The thermal spectrum was assumed to consist of a Maxwellian dis-

tribution combined with a 1/E tail. This tail extends from an

energy of pkT up to the thermal cutoff 0.625 ev. The value of p

used in these calculations was 4.175.

5. The age in BeO from fission energies down to 0.625 ev for a density

of 2.86 gm/cm was taken to e 112.75 cm2. Admittedly this is about

10% higher than what one would get by integrating the group cross

sections for a mixture of Be and 0, but in the absence of experi-

mental measurements for BeO, it was felt that liberties could be

taken with the calculated age value. The value used in these

calculations was the one that gave reasonable results for the

blacker cores, where criticality is determined mainly by epithermal

effects, and changes in the thermal spectrum are almost unnoticeable.

The results of these calculations showed that criticality could be

predicted to within 1.3% for all cores. This indicates that some measure

of confidence can be placed in these methods for computing the reactivity

of cold BeO systems.

A check on the epithermal constants used was made utilizing the results

of an experimental hot BeO critical system. As the temperature of this

critical system was 950AF(783 K), it was assumed that the free gas model in

thermalization applied, so that the thermal neutron temperature was given by

a value of y of 1.26. In other respects the same methods were used as on

the room temperature systems. This core was calculated to be 0.3% super-

critical. Since some degree of confidence has already been established in

the free gas model in thermalization report (GAMD-l030)(7), the ability to

calculate a hot critical system is a check on the epithermal factors,

notably Cm and Tby themselves.

Analysis of Graphite Critical Experiments

Calculations have been made of bare, clean, room-temperature graphite-
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moderated U-235 systems, using essentially the same methods as were used in

the analysis of the BeO systems. For the graphite systems, the age is

fairly well known and there is no fast effect (n,2n reaction) to complicate

matters. The data on critical mass and core size were taken from Reynolds(10)

Five cases were studied with C/U atom ratios of 297, 600, 1200, 2340, and

10,500. None of these cases were satisfactorily computed to be critical.

In an attempt to discover why the computation failed for these cases, a

series of cases were run with the SPECTRUM code using crystalline scattering

kernels to compute the thermal spectrum for each C/U ratio. The results of

these calculations are shown in Figs. 4.15 - 4.19 along with Maxwellian

distributions for purposes of comparison. It appears that there is an

appreciable difference between the shape of the computed spectrum and a

Maxwellian spectrum of the same peak energy (Tn). The approximation that

the spectrum consists of a Maxwellian distribution plus a l/E tail may not

be valid for moderators that exhibit crystalline effects. The actual

difference made by the shape of the spectrum on reactivity varied from core

to core from a negligible amount to 1.7%. In addition to the shape differences,

the variation of the peak thermal neutron temperature is fairly consistent

by a y value of 2.0, rather than 5.0 as was assumed for the BeO case. It

is hoped that these differences can be reconciled and that a more consistent

set of data for calculating the reactivity of BeO and graphite cores will

evolve.

Hanford Loop Element

The loading for the heterogeneous element required to produce the

desired 40 kw is estimated to be 80 gm U-235/ft. For a fuel element con-

taining U02 only (no diluent), this would be an enrichment of 2.1%. For a

fuel element that is 70 v/o diluent, the enrichment is 8.0%. The uncertainty

in the power output for these loadings is - 24%.

The uncertainty involved in the calculation is based on previous

calculations made at Hanford for the semi-homogeneous test. In this

calculation, the flux depression for a mock-up fuel element was measured in

the Hanford Test Pile, which is a room-temperature critical assembly for

standardization of components for the production reactors. The unperturbed

flux at the test hole was determined from consideration of the pile power
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level and various correction factors for temperature variations and flux

shapes. The over-all error covering all these extrapolations and measure-

ments was - 24%. In estimating the loading for the heterogeneous element,

the same unperturbed flux was assumed. The flux depression factor was

recalculated by comparing the relative blackness of the semi-homogeneous

elements, and extrapolating the experimental data from the Hanford Test

Pile to the range of interest for the heterogeneous element. The product

of self-shielding and flux depression factors for both elements were in the

same range, and the extrapolation is therefore reasonable. The only dif-

ference which is not accounted for between the two elements is that the

heterogeneous element contains U-238, whereas the semi-homogeneous element

contains U-235 and BeO as diluent. The fast fissions in U-238 will contri-

bute some power to the fuel element output; in addition, there will be some

epithermal fissions in U-235. These factors have not been considered in

the calculations, since they are believed to be small effects and data on

the production pile core parameters are not available to make such

calculations.

Gas Buildup Due to the (n,2n) and (n,a) Reactions

Following the work reported in report GAMD-1157(5) on the reactivity

effect of the (n,2n) and (n,a) reactions in beryllium, it was decided to

investigate more carefully the concentration buildup of all of the various

reaction products from these reactions as a function of operating time for

the BeO-moderated core. This additional work is reported in report

GAMD-ll96 8 ). Of particular significance was the buildup of large quantities

of helium, oxygen, and tritium nucleii during the expected lifetime of the

BeO moderator. Figure 4.20 shows the results for a particular 6.37-ft

diameter core. Reducing the results for comparison to equivalent volumes

at the operating temperature and pressure of the MGCR reveals that the

volume of all of the reaction products corresponds to approximately 25% of

the moderator volume after 20 years operation. The buildup of such large

quantities of reaction products may severely impair the structural stability

of the BeO moderator blocks, and therefore an adequate experimental program

will be required to ascertain more completely the radiation stability of

BeO.
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In addition, the possible economic importance of the tritium should be

considered. Such large quantities of tritium are produced in the BeO

moderator that its recovery may be worthwhile.

Reflector Albedos

The albedos for slab, spherical and annular type reflectors have been

calculated and methods for obtaining the albedos for reflectors of complicated

shape have been developed in report GAMD-1268 (9. In addition, a method for

the use of these albedos in simple reactivity lifetime calculations has been

evolved. The method involves a proper breakdown on the various components of

the thermal leakage across the core reflector interface, and the establishing

of a suitable set of invariants to represent the probabilities of fast and

thermal neutron leakage throughout the lifetime of the core. This method was

compared with the usual survey techniques of either;

7. Establishing the invariants on the basis of a synthesized equivalent

bare core, or

2. Using as invariants the total fast and thermal leakage probabilities

for the beginning of life critical reactor.

An example is given in Table 4.11, which shows the difference in calculated

lifetimes for a single batch loading of an assumed 3-ft radius BeO-moderated

spherical core with a 1-ft BeO reflector.

Table x.11

CALCULATED LIFETIMES (AFTER 20 YEARS OF FULL POWER OPERATION
FOR A BeO MODERATED CORE

Lifetime (yrs)

Method 1 Equivalent bare core 3.12

Method 2 Total leakage 1.70

Method 3 Albedo method 2.98

Although Method 1 gives a lifetime close to that of Method 3, the

burnup and plutonium production are different and unreconcilable.

Thermalization

Work was initiated on the calculation of the effects of crystalline

binding on the spectrum of thermal neutrons in BeO moderator. As a first
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approximation, a simple one-temperature Debye spectrum of vibration levels

was assumed for the BeO lattice and a calculation of the inelastic scattering

matrix was performed using the Kryos-III code developed at General Atomic.

The calculational technique was limited by the capacity of the computers to

approximately 80 energy points covering the thermal energy range up to 0.7 ev.

The full thermal scattering matrix covering energies up to 2 ev was obtained

by the addition of scattering kernels at the higher energy points which were

calculated by means of a free gas model. The complete calculation was per-

formed for BeO moderator at room temperature. Work is proceeding with the

checks on the integral properties of BeO moderator as predicted by the

assumed model.
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V. MATERIALS DEVELOPMENT (w,. P. Wallace 2
FUEL DEVELOPMENT AT GENERAL ATOMIC (TASK 4) (J. F. Quirk, F. H. Lofftus,
N. Baker, K. Powell)

Tools and dies were prepared and fabrication methods were tested in

preparation for making several thousand sintered UC2 fuel pellets needed

in irradiation and encapsulation experiments. Later in the quarter, this

work was recessed after a commercial supplier was found to provide the UO2

pellets. However, work has been resumed on development of diluted JO2 bodies

containing 70 v/o BeO. Several hundred sintered fuel pellets of 30 v/o UJO2-

70 v/o A1203 were made for irradiation experiments on diluted UO2 fuel bodies

in the Hanford Reactor.

IRRADIATIONS PROGRAM (TASK 23 (J. M. Tobin, A. L. Miller, J. D. Buchanan,
C. R. Mungle)

An irradiation capsule that contained UO2 diluted with 80 v/o Al203

arrived at the General Atomic hot laboratory facility during the quarter.

The capsule and fuel specimens were designed and fabricated at General Atomic.

The capsule was irradiated for 12 weeks in the Battelle Research Reactor (BRR).

A detailed examination of the capsule is scheduled to be completed during the

next quarter.

Three irradiation capsules were fabricated by Battelle Memorial Institute

under the terms of previous subcontract. Each capsule contained two specimens

of each of the following materials: (1) 20 v/o UO2 - 80 v/o BeO, (2) 20 v/o

UC - 80 v/o graphite, and (3) 20 v/o UC2 - 80 v/o graphite. Each specimen con-

sisted of four pellets of one of these combinations clad in Type 316 stainless

steel. The capsules have been undergoing irradiation in the Materials Testing

Reactor (MTR) since July 26, 1959. Approximately eight months have elapsed

since the capsules were inserted in the MTR. The goal exposure of 20% burnup

of the U-235 in the 30% enriched fuel should be reached in one of the capsules

in July, 1960, at which time all of the capsules will be discharged. The ac-

cumulated burnups in the other two capsules are expected to be about 2.5 and

5.8% at the time of discharge.

Plans for the irradiation of one additional fuel capsule containing BeO

plus 30 v/o UO 2 are being made.

FISSION PRODUCT PLATE-OUT (D. E. Johnson, B. A. Czech, J. D. Buchanan)

The results of an initial experiment on the plate-out of fission products

from a stream of helium were reported last quarter. The purpose of the

experiment was to study the behavior o-f fission products other than
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the rare gases in a helium gas stream. A second experiment on the plate-

out of fission products from a helium gas stream onto metallic surfaces

has been completed.

The experiment consisted of heating a small quantity of finely ground

neutron activated UO2 in a flowing helium stream which was then passed over

a series of metallic foil coupons. The coupon materials were nickel, Nich-

rome-5, Type 310 stainless steel, and Type 405 stainless steel. One row

of coupons of each material extended the length of the quartz tube down-

stream from the fuel specimen. The system was controlled to provide a

temperature gradient. Experimental difficulties resulted in a loss of

helium flow during the 60-hr. heating cycle. However, the results obtained

by gamma spectrometry measurement of the deposited activities agreed

qualitatively with those reported for last quarter. Radioactive molybdenum,

ruthenium, tellurium, and iodine were identified in the deposits. Iodine

was found on the metal coupons that were heated to temperatures as high as

l400 F.Ruthenium and molybdenum were found on coupons that were heated to

1775 F. Tellurium was found on coupons that were heated anywhere in the

temperature range of 1000 F to 1775 F.

It was not possible to determine which of the remaining metallic

materials exhibited the most intense gamma activity. However, in both

experiments there was an indication that the intensity of the gamma activity

deposited on the quartz tube was significantly lower than that deposited on

the metallic materials. The basis for selection of the metallic specimen

materials was to provide a series of nickel concentrations in the alloys.

The concentrations of nickel in the coupons were (1) nickel-l000, (2) Nich-

rome-5-80%, (3) Type 310 stainless-steel-25%, and (4) Type 405 stainless-

steel-O%. Additional experiments are planned to determine the effect of

varying the temperature profile on the amount of plate-out. An attempt

will also be made to more clearly define the effect of material composition

on the intensity and type of activity that is deposited.

NEUTRON ACTIVATION STUDIES (A. L. Miller)

Neutron activation analyses of four sintered UO2 pellets were made.

The pellets were 92.3% of theoretical density, and were activated by

irradiation in the General Atomic TRIGA reactor. Individual pellets were
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then annealed for 20 hours at temperatures of 1750 F, 2000 F, 2250 F, and

2550 F. The fractional releases of xenon-133 during these annealing treat-

ments are noted in Table 5.1.

Table 5.1

XENON RELEASE AT VARIOUS ANNEALING TEMPERATURES

S Nn.Factional Release
Sample No. Annealing Temp. (0F) of Xe-133

U-15 1750 2 x 10-5

U-16 2000 2 x 10~

U-13 2250 6 x l0~4

U-14 2550 3 x 10-3

The activation energy for release of xenon-133 from these pellets was calculated

to be 46,000 cal/mole. This agrees with the activation energy of 46,000 cal/
*

mole reported for fused UO2 powder.

FISSION-PRODUCT EVAPORATION STUDIES (D. E. Johnson, B. A. Czech)

An experiment was initiated to study the evaporation of fission products

from the surface of metallic fuel-cladding materials. Results obtained at

BMI indicate that fission products can and do diffuse through metallic fuel-

claddings at the temperatures expected in the MGCR. Contamination of the

coolant stream would therefore be expected even if no fuel cladding failures

occur. Escape of the fission products from the surface of the cladding may

be the limiting step in this process. A knowledge of the rate of vaporization

of fission products from metallic surfaces is therefore required.

The material selected for study in these experiments was A-nickel; this

selection was made to permit direct comparison of the data with those ob-

tained on diffusion at BMI.

The surface of the nickel foils was impregnated with fission products

during irradiation in the General Atomic TRIGA reactor. The foils were held

in firm contact with sintered UG2 wafers during irradiation to insure that

recoil fission fragment atoms from the surface layers of the U02 would enter

*
Booth and Rymer, Report AECL 692, Determination of the Diffusion
Constant of Fission Xenon in UO Crystals and Sintered Compacts.
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and become lodged in the surface layers of the foils. The impregnated foils

were heated in a vacuum and vaporized material was collected on a water-cooled

copper target. The geometrical efficiency of the evaporation-collection

arrangement was calculated to be about 44%. The results obtained are pre-

sented in Table 5.2. The apparent half life of the gross collected fission

products was about 80-hrs.

Table 5.2

FISSION PRODUCT EVAPORATION EXPRIMENTAL RESULTS

Evaporation Time Evaporation Temperature Fraction Evaporated
(hrs) ( F)

5 1200 7.5 x 10-3

4 1500 3.8 x 10-2

4 1750 6.3 x 102

*
Note: The values for the fraction evaporated from the nickel

foils are based on the total amount of fission product
activity present in the foils before evaporation.

An estimate of the distribution of the fission recoil atoms in the

nickel foils was made using an assumed recoil range of 15 p and a spherical

distribution model. The results of the estimate indicate that about 2 x 10

fraction of the fission recoil atoms reside in a 1000 A (400 inter atomic

distances) surface layer of the nickel foils. This indicates that the

fission products can migrate through and evaporate from the surface of

nickel at temperatures as low as 1200 F.

Fission product isotopes that were identified by gamma spectrometry

analysis of the copper targets include Sr-85, Ru-97, Ru-106, 1-131, Ba-131,

Ba-140, Cs-137, La-140, Ce-141, and Ce-144. The presence of fission products

suspected but not clearly identifiable in the gamma spectrometry analysis

were Se-75, Mo-99, and Nd-147.

BeO MODERATOR DEVELOPMENT (J. F. Quirk, F. H. Lofftus, N. Baker, K. F. Powell)

Fabrication Development

Models of several MGCR moderator shapes were prepared for use in

engineering studies on core assembly strength and alignment. Individual
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beryllia blocks, approximately 6-in. long, and an 8-ft. long ceramic bonded

alumnia column were specified for purchase. Plaster models of moderator

shapes were made for experiments on alignment and for the effects of

dimensional tolerances on fuel insertion.

Irradiation Program (J. M. Tobin, J. F. Quirk, C. R. Mungle, F. H. Lofftus,
N. Baker, K. F. Powell,

A set of 39 separate BeO specimens for the first capsule have been

encapsulated and sent to the General Electric Test Reactor (GETR) on

March 1, 1950, along with temperature-control and recording equipment.

These specimens will be irradiated at a peak fast flux of 2 x 10i4 nv

( 1 Mev) for two reactor cycles at temperatures up to 1800 F.

These BeO specimens were each measured for length, diameter and density.

Lattice parameters and line broadening were measured for eighteen specimens.

The lattice parameter a varies from 2.686 to 2.696 and the parameter c varies

from 4.372 to 4.559. The c direction in the hexagonal oxygen lattice is

sensitive to dissolved impurities and will be used to measure the increase

in dissolved gases in the specimens after irradiation. The half-peak

widths are a measure of lattice strain (stored damage) and micro-crystallite

size.

Dye penetration results indicated porosity and color photographs of the

specimens after dye penetration have been taken.

MATERIALS FOR THE PROPULSION PLANT (J. Bokros, W. H. Ellis, D. Guggisberg)

Creep Stress-rupture and Fatigue of Turbine and Piping Materials

Creep-rupture tests of Inconel 713C at 1500 F have been completed at

45,000 psi (Fig. 5.1). Tests of this material at 55,000 psi in helium + 10-5

atm. of impurities and in helium + 7 x 10-3 atm. of air have been reported

in the last quarter. Two tests at 1500 F have failed at 40,000 psi; two

are still running (Fig. 5.2). The rupture lives observed are plotted in

Fig. 5.3. No significant differences have been observed between the tests

conducted in helium + 10-5 atm. impurities and in helium + 7 x 10 atm. air.

A few points are being determined in air at 1500 F.

Metallographic examination reveals that some internal oxidation occurs

in helium + 7 x 10~ atm. air at 1500 F whereas less is observed on specimens
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tested in helium + 10 atm. impurities. In both cases, the specimens

become discolored. An example of the oxidation observed on a specimen

of Inconel 7130 tested at 1500 F in helium + 7 x 10 atm. air is shown

Ire Fig. 5.4.

MATERIALS INVESTIGATIONS AND TESTS (TASK 19) (D. W. Carreau, M. J. Donachie,
B. Lund, N. Pompilio, R. Shepheard)

These investigations are being conducted at the Electric Boat Division

to insure choice of proper non-reactor structural materials, and the deter-

mination of safe design stresses for these materials. The alloys chosen

will be employed in the construction of high-temperature helium ducts,

rotating machinery casings, pressure vessels, heat exchangers, and valves.

The materials being considered for these applications are:

Material Application

1-1/4 Cr - 1/2 Mo Steel Ducting, pressure vessels, and
heat-exchanger tubing

Type 316L Stainless Steel Ducting, pressure vessels, and
heat-exchanger tubing

Inconel X Ducting, high-temperature liners

Stellites No. 1, No. 6, and No. 12 Hard surfacing

High-temperature Bronzes Heat-exchanger tube supports

Creep-rupture Testing

Creep-rupture testing of 1-1/4 Cr - 1/2 Mo steel and Type 316 stainless

steel in air and/or in helium is being concluded in New England Materials

Laboratories. The two remaining tests in progress will run for an estimated

5000 hours, thus completing the test program by about July, 1960. Results

of tests which have been run to date on normalized and tempered 1-1/4 Cr -

1/2 Mo steel and on Type 316 stainless steel are shown in Table 5.3 and

Figs. 5.5 and 5.6.

Data obtained thus far indicate that the stress-rupture properties

of 1-1/4 Cr - 1/2 Mo steel and Type 316 stainless steel are essentially

the same in an air and in a helium atmosphere. Figure 5.5 shows that the

slope of the stress-rupture time curve for 1-1/4 Cr - 1/2 Mo steel at 1000F

apparently changes at a rupture time of approximately 900 hrs. Test data
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Table 5.3

CREEP-RUPTURE TEST RESULTS

1-1/4 Cr - 1/2 Mo Steel

Time forRupture'hrs

Stress Level (psi) 1000F (Air) 1000 F (He) 12000F (He)

8.7

69.0

259.4

660.6

2162.0

19.6

402.7

554.7

1049.0

3039.0 3.6

30.8

63.9
215.1

586.5

Running~-750 (hi's)

Stress Level (psi) Type 316 Stainless Steel

13000F (Air)

3.7, 3.1
---

37.5

522.6

13000F (He)

8.4

47.0

282.7

4947.0

1500 F (He)

10.3

63.0

164.4

537.0

Running 950 (hrs)

70, 000

58, 000

50, 000

45, 000

35,000

30,000

25,000

17,000
12,000

10, 000

7,500
5, 000

25,000

22,000

20,000

18,000

15,000
14,000

12,000

10, 000

7,500

6, 000

- - -- -
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and metallographic examinations of ruptured 1-1/4 Cr - 1/2 Mo specimens

for times in excess of 900 hrs. are not complete enough to permit determination

of the reason for the change in slope.

Several specimens of welded 1-1/21 Cr - 1/2 Mo steel will be tested

in air to determine the effects of welding on stress-rupture properties.

Bi-metallic Seal Weld for the Concentric Duct Heat Barrier

A test program to demonstrate the practicability of welding a thin

Inconel X heat barrier element to the 1-1/4 Cr - 1/2 Mo inner duct is

nearing completion. Room-temperature tensile and bend-test results in-

dicate that satisfactory seal welds can be produced for solution heat-

treated age-hardened Inconel X.

Self-welding in Helium at Elevated Temperatures

The high-purity primary coolant helium may be conducive to self-

welding of mating surfaces in the high-temperature zones of the plant.

Tests are being run in a pure helium atmosphere in the Electric Boat

Division autoclave in order to determine the compatibility of the metals

being considered so that self-welding within the power plant may be avoided.

The first group of metals to be tested will consist of 50 specimens,

selected from the following materials: Inco 713C, D979, W5)+5, Type 316L

stainless steel, Inconel X, Stellite No. 1 deposit on Type 316L stainless

steel, Stellite No. 1 deposit on Type 410 stainless steel, Stellite No. 6

deposit on Type 316L stainless steel and Stellite No. 6 deposit on Type

410 stainless steel.

These specimens will be stacked to obtain three each of fifteen

different combinations at nominal contact pressures ranging from 4000 to
50,000 psi. In the first test the specimens will be exposed in pure helium

at 1300 F for 1000 hrs. The strength and type of any adhesions will then

be determined by a device constructed for measuring this adhesion.

Galling Tests

The galling tests were started with Stellite No. 1 against Stellite

No. 6. These specimens were loaded to 4000 psi contact pressure and were

oscillated slowly with respect to each other through a 23 arc in a 1300F

helium atmosphere. Galling will be detected by measuring leakage between
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the seating faces. When the leakage exceeds 100 cc/min, or after 250 hrs.

of operation, the test will be stopped and the specimens inspected. The

wear test machine at Crane Company, equipped with a furnace and helium

pressure chamber, is being utilized for these tests.

Westinghouse Metallurgical Program

Stress-rupture Tests on Inco 713C

Figure 5.7 shows the 1300 F stress-rupture curve of Inco 713C alloy.

The 95% confidence limits were established from the Westinghouse Aviation

Gas-Turbine Division experience and represent a statistical analysis of

air tests on vacuum-melted, vacuum-cast material. Super-imposed are the

data points of tests made in air and helium on material that was air-melted,

argon-cast and double-vacuum prepared. Points representing tests in progress

are shown with arrows. Data obtained to date from the tests in progress are

shown in Table 5.4.

Table 5.4

STRESS RUPTURE TESTS ON INCO 713C

Stress Accumulated Atmosphere Approx. Rupture
Sample (psi) Time (hrs) Time in Air (hrs)

187-Vacuum Melted 86,000 20 He and Air 500
Vacuum Cast

187-Vacuum Melted 82,000 122 He and Air 1,000
Vacuum Cast

X4183-Air Melted 70,000 2961 He 5,000
Argon Cast

X4183-Air Melted 67,000 2352 He 7,500
Argon Cast

X4183-Air Melted 64,000 3083 He 10,000
Argon Cast

Based on these short-term results, there does not appear to be a signif-

icant difference in the stress-rupture properties of Inco 713C at 1300F in

helium and in air.
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Stress-rupture Tests on D979

Figure 5.8 shows the 1200 F stress-rupture limits of D979, supplied

by the Allegheny Ludlum Corporation. The specimens still being tested

are shown in Table 5.5.

Table 5.5

STRESS RUPTURE TESTS ON D979

Stress Accumulated Approx. rupture
Sample .. Timseee .

(psi) Time (hrs) time in air (hrs)

21737-9 41 70,000 He 1,000

21737-9 15 04 65,000 He 2,500

21737-9 360 63,000 He 5,000

21737-9 1820 60,000 He 7,500

21737-9 497 58,000 He 10,000

As indicated in Fig. 5.8, the data points of the four tests completed

fall below the minimum confidence limit but indicate no pronounced effect

of the helium atmosphere.

One test in a mixture of helium and air, at.76,000 psi and 1200 F,
*

failed in 400 hrs. A test at the same conditions in air failed in 665 hrs.,

and a test in helium broke in 463 hrs. Additional tests are scheduled.

Fatigue Tests on Inco 713C

Fatigue investigations have been concentrated on obtaining data on

the properties of Inco 713C in helium at 1500 F, and in a mixture of helium

and air at 1300 F. The results indicate that the 10 endurance limit at

1500 F will not be lower than at 1300 F (26,000 psi). The fatigue properties

of Inco 7130 in the helium-plus-air mixture at 1300 F do not appear to differ

significantly from the air data obtained by Westinghouse.

*
The helium plus air mixture contains air at a partial pressure of 0.007

atm. at a total mixture pressure of 19.7 psia.
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NUCLEAR TANKER STUDY (TASK 21) (A. Kabler, A. McClure)

The prototype rotating machinery arrangement resulted in too high

a shaft centerline for shipboard application. The maximum acceptable

shaft rake has been established at 1/2. in/ft. Consequently, the rotating

machinery has been lowered approximately 3.5 ft at the power-turbine end

to satisfy this requirement.
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VI. SITE DEVELOPMENT

EXPERIMENTAL PROTOTYPE SITE DEVELOPMENT (TASK 18) (H. N. Wellhouser,
J. D. Messersmith)

Two general concepts for siting the experimental prototype have been

given preliminary consideration: (1) a typical land-based installation,

housing the propulsion plant and providing support facilities similar to

those existing at AEC-controlled facilities. (2) a barge mounted instal-

lation which would house the complete propulsion plant together with minimum

support equipment, i.e. fuel-handling and maintenance and repair facilities.

This approach has merit in that the barge could be fabricated in any one of

a number of nearby shipyards and could be launched and fitted out at a pier.

The barge would then be towed to a suitable, remote location off shore,

jacked into place and operated as a conventional prototype plant. While

one preliminary cost estimate shows the barge installation to be slightly

less expensive than a land-based facility of similar size, further evaluation

will be required to determine whether additional support requirements, i.e.

electrical power generation equipment, fresh water facilities, operating

personnel, living accommodations, and transportation facilities to and

from the barge location will not offset this difference.

Utility Requirements

Preliminary estimates of the fresh water requirements for the entire

land-based installation utilizing a cooling tower as a heat sink are about

900 gpm with the plant operating a 100% propulsion power. Over 800 gpm

will be required to supply the make-up requirements of the cooling tower.

Certain sites under consideration have such poor quality water that the

cooling tower make-up would be increased approximately 50%.

Estimates of the electric power requirements indicate the need for

about -1500 kw to operate the plant at full power. Emergency diesel genera-

tors must be provided to supply about 750 kw in the event of loss of utility

power. This emergency power requirement is based on the normal plant shut-

down or emergency cooling electrical power requirements.








