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PREFACE

The Mariime Gras- oed Reactor (MGCR) Program was initiated on

*c ruary l , 1952, under Contract AT(04-3)-187 between the U. S. Atomic

Energy Commlssion-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.

A principal goal 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.

Design objectives for the power plant are 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.
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SUMIMARY

As noted in the last Quarterly Progress Report,(1) the MGCR project has

been directed to change the emphasis of its development program from one of

research and development leading directly to the construction of a land-based

MGCR prototype plant to one incorporating an experimental reactor of 10 Mw(t)

power as an intermediate stage to determine the operating characteristics of

BeO-moderated, gas-cooled systems and to lend greater assurance of success to

the subsequent prototype plant. This program is known as the Beryllium Oxide

Reactor Experiment (BORE).

Reactor Development

A program defining the scope of operating cases which would be required

to carry out the Beryllium Oxide Reactor Experiment and the Helium Reactor and

Turbine Experiment has been developed. This program delineates both the general

design criteria for the reactor and the conditions necessary to check out the

BORE core.

A two-part survey of BORE core designs has also been completed. The first

part of this study evaluated several core arrangements with regard to ease of

fabrication and cost of the BeO; the second part is a detailed analysis and

comparison of the annular and slab designs. This analysis is presented in de-

tail in the text.

Tests with a 19-rod circular fuel element model in the air flow test stand

were begun. Qualitative observations of the gas flow pattern around the bundle

were made using tufts attached to the rods and shroud. Measurements of the

friction coefficient as a function of Reynolds number were also made.

A circular 19-rod fuel element bundle (MGCR-HDR-3) was developed, tested

and shipped to Hanford for insertion in the DR-1 Gas Loop. The irradiation of

this element is being carried out in order to test the reliability of fabrica-

tion methods and the effect of prolonged irradiation on the materials used.

(l)General Atomic Staff and Electric Boat Staff, Maritime Gas-Cooled Reactor

Program, Quarterly Progress Report for the Period Ending September 30, 1960,

General Atomic Report GA-1738.
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An evaluation of fuel handling and storage facilities were made and

a fuel handling system has been designed. This system features a partial

wall which separates the head storage pit from the reactor vault. This

wall serves as a shield during normal reactor operation and also permits

independent flooding of the head storage pit. The fuel storage pit is

normally filled with water to within 6-in. to 12-in. of the floor level.

The fuel storage pit is located adjacent to the reactor vault, but 90

degrees away from the head storage pit.

Fluid Systems and Plant Arrangement

Both the bare-tube and supported tube helium heat-transfer tests

have been completed at the Electric Boat Division. The data from these

tests are presently being evaluated and will be reported on shortly.

Transient studies have been conducted for both the high and low-

pressure drive plants for the MGCR. These studies indicate that both

versions of the plant can be controlled satisfactorily.

Rotating Machinery

During the past quarter, a number of significant advances were made

in the turbomachinery development program. They included: (1) a review

of the basic design criteria for the low-pressure compressor based on the

results of model tests, (2) shortening of the power turbine torque tube

to permit interchangeability of "through-bolts" on the turbine; the "through-

bolts" used to clamp discs together are now the same on both the power and

the compressor turbine, and (3) addition of a "shrunk-on" seal ring to the

dummy piston seals to prevent the possibility of seal rubs on the turbo-

compressor shaft torque tube.

Stress levels in the rotating discs of the turbomachinery components

were reviewed and refined and turbine discs of several shapes were evalua-

ted. In addition, temperature effects were included in this study to help

set cooling requirements.

The hood and diffuser, compressor model and turbine model tests also

continued. Data concerning these tasks are presented in the text.
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Reactor Physics

Investigations concerning the nuclear design of the BORE continued

this reporting period. These investigations attempted the refinement of

analytical and computational methods, prompted by the large epithermal

effects on the BORE core which necessitated a breakdown into many groups.

Since analytical techniques have been of great value in determining

design modifications, they have been subjected to more careful scrutiny

by means of comparison with MONTE CARLO and transport calculations run

on digital computers. Preliminary comparisons have shown excellent correla-

tion. The results of these calculations are given in the text of this

report.

The changes necessary to convert the MGCR Critical Facility for BORE

applications were completed. The BeO required for the first core con-

figuration was loaded into the honeycomb assembly and all non-fuel materials

necessary for constructing the first critical assembly were received and

installed. The operational features of the facility were checked and all

preparations prior to fuel loading were completed.

Shielding requirements for the BORE have been estimated and calcula-

tions have been made on initial estimates of pressure vessel head activation.

Results of this study are given in the text..

Materials Development

The development of fabrication techniques for the BeO - UO2 fuel pellets

to be used both in future irradiation tests and for the MGCR-HDR-3 test

fuel element continued this report period. Methods of controlling the

moisture content and optimum compacting pressures for the BeO-UO2 pellets

were determined.

Further investigations regarding the use of Hastelloy X as the fuel

element cladding material were made. These tests included the determina-

tion of the creep-rupture properties of the alloy under emergency condi-

tions and with temperatures as high as 2100 0F. Latest data are given in

the text.



The third 1000 hour self-welding test at 1300 F in helium were com-

pleted. As in the first two tests, specimens of various materials were

loaded, in compression, in high temperature, high purity helium. Upon

removal, the adhered specimens were pulled apart and the force recorded.

A final report concerning the entire self-welding program is presently

being prepared.

The metallurgical evaluation of materials, in helium, for the 1300 F

gas turbine was essentially completed at Westinghouse. Stress-rupture

and fatigue tests were made on various alloys including Inco 7130, Inconel

X and Inco 700.



TENTATIVE MGCR DESIGN DATA

BeO-Moderated Concept
Prototype

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)

32,000 shp

1,000 hp

74.o4. Mw

32.1%

33.1%

Shipboard ,
Powerplant

(Mark I)

32,000 shp

1,000 hp

62.7 Mw

34.4%

37.0%

Helium Helium

1150 psia

442.3 psia

744.1 F

1300 F

104.1 lb/sec

1150 psia

442.3 psia

866 F

1500 F

78.3 lb/sec

Reactor Vessel

Inside diameter

Inside height

or Internals

Moderator and reflector

Core (active lattice)

Diameter

Height

Reflector thickness

U235 loading

Enrichment

114 in.

17.7 ft.

114 in.

19.3 ft. max.

BeO BeO

6.33 ft.

6.33 ft.

7 in.

6.37 ft.

6.37 ft.

7 in.

160 kg

8.53%

200 kg

10.5%

vii
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Fuel cont.

U238 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

Int ercooler

Number

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

Shipboard
Powerplant

(Mark I)Prototype

1652 kg

1812 kg

2.71 yrs

2

49.2 ft .

2686

Cr-Mo

1

22.6 ft.

2746

Cu-Ni

1

23.4 ft.

2007

Cu-Ni

1700 kg

1900 kg

4.6 yrs

1

46.o ft.

4096

Cr-Mo

1

24.5 ft.

1649

Cu-Ni

1

25.7 ft.

1160

Cu-Ni

UO2-BeO

Hastelloy X,
Inconel, or
Type 316L
stainless steel

1500 F

UO2-BeC

Hastelloy X,
Inconel, or
Type 316L
stainless steel

1700 OF
308 308



Prototype

Shipboard
Powerplant

(Mark I)

Control Rods

16

Rare earth -
stainless steel

16

Rare earth -
stainless steel

Turbomachinery

Over-all length

Maximum diameter

Speed.

LPC

LPT

Approx. 30 ft.

8 fit.

12, 200

12, 200

12, 200

7,600

27 ft., 6.25 in.

5 ft., 8 in.

rpm

rpm

rpm

rpm

12, 200

12, 200

12, 200

7,600

rpm

rpm

rpm

rpm

Pressure ratio (at 13000F)

ILPC

HPC

HPT

LPT

1.7

1.54

1.64

1.45

1.7

1.54

1.58

1.49

Further considerations concerning the BeO-moderated concept are presently

under study, and data generated will be inserted into design specifications

of subsequent reports.

'Report GA-1500-Nuclear Powered Tanker Design and Economic Analysis based

on the MGCR, prepared by the MGCR Project Staff and George C. Sharp, Inc.,

June 30, 1960.
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I. REACTOR DEVELOPMENT

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

A significant change in the technical basis for the MGCR Program has

occurred during the past reporting period. The previous Quarterly Progress

Report(1) outlined the change from the 76-Mw(t) MGCR Prototype Plant to a

lO-Mw(t) Beryllium Oxide Reactor Experiment (BORE). During this quarter,

a series of experiments has been defined to prove the basic core design of

the lO-Mw(t) reactor; a second series of experiments has also been defined

to prove the basic core design of the 50-Mw(t) Helium Reactor Turbine Ex-

periment (HRTE) which will be coupled to a gas turbine to prove the validity

of the concept of a nuclear-powered marine propulsion system utilizing a

high-temperature gas-cooled reactor, closed-cycle gas-turbine power plant.

Preliminary studies based on the objectives of the two series of experi-

ments indicated that the following operating cases would be required to check

out the basic core design of the lO-Mw(t) reactor and the 50-Mw(t) reactor.

Case I

Operation with four fuel elements orificed to give 1300F outlet gas

temperature and 32 fuel elements operating with an outlet gas temperature

ofrl3000F, with inlet gas at 750 F and 1120 psia. The core power and fuel-

element cladding temperature in the 32 fuel channels will be limited by the

blower flow and pressure ratio.

Case II

Operation with 36 fuel elements orificed to give 1300F outlet gas

temperature, with inlet gas at 750 F and 1120 psia at a power of lO-Mw(t).

Case III

Operation with 36 fuel elements orificed to give 1300F outlet gas

temperature, with inlet gas at 750 F and 800 psia. The power in this case

will be limited by the blower.

Case IV

Operation with four fuel elements orificed to give 1500 F outlet gas

temperature and 32 fuel elements orificed to give 1300F outlet gas tempera-

ture, with inlet gas at 8800F and 700 psia. The inlet gas pressure is

limited by the pressure vessel and the power is limited by the blower.

1



Case V

Operation with 36 fuel elements orificed to give 1500 F outlet gas

temperature, with inlet gas at 880 F and 700 psia. The inlet gas pressure

is limited by the pressure vessel and the power is limited by the blower.

Case VI

Operation with 308 fuel elements orificed to give 1300 F outlet gas

temperature, with inlet gas at 750 F and 800 psia.

These cases correspond to cycle conditions of closed-cycle gas-turbine

systems of interest to the MGCR Program as follows:

a. Cases I, II, III, and VI correspond to conditions of interest to

the MGCR land based prototype.(2)

b. Cases IV and V correspond to conditions of interest for the sea-

going MGCR. 3)

It should be noted that Cases I and IV are essentially conditions to

check out the core element design with four elements running at high tem-

peratures and the remaining 32 core elements running at lower cladding tem-

peratures.

Case VI has been selected as the design point condition for the HRTE.

General design criteria have been established. They are:

a. The design of the pressure vessel and associated components shall

be suitable for both the l0-Mw(t) BORE core and the 50-Mw(t) HRTE

cores.

b. The primary system piping connection at the reactor shall incor-

porate the concept of a concentric duct. The piping design shall

further provide a single run of concentric duct to a common flange

in the machinery space, to provide for mounting the regenerator

for the BORE facility and the high-pressure turbine for the HRTE

facility.

c. The reactor support shall provide freedom to accommodate the radial

forces developed by temperature differences between -the pressure

vessel flange and the bottom of the reactor support. In addition,

*
Thermal shields, core support barrel, lower grid plate
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the support shall provide fore and aft freedom for the pressure

vessel, in the amount of 2-in., to accommodate axial forces de-

veloped due to the expansion of the concentric ducting.

d. The pressure vessel head design for the BORE facility shall pro-

vide for a center access opening of 38-in, clear diameter for

experimental access to the core, and for a full opening of 95-in.

clear diameter for major work on the core. The head design shall

further provide for the support and location of four control-rod

drives.

e. The pressure vessel head design for the HRTE facility shall pro-

vide for a full opening of 95-in. clear diameter and for the

support and location of sixteen control-rod drives.

f. Static seal closure design on the pressure vessel shall provide

for double mechanical seals, and for a seal weld, with pressure

taps to measure the leak tightness of the sealing configurations.

The design point for leak tightness shall b: 1. p/hr.

g. The pressure vessel primary flange shall incorporate a bolt ring

concept to reduce the weight and the cost of the head which will

require replacement during the conversion from BORE to HRTE. The

bolt ring design shall further provide the access requirement of

seal-weld cutting machines which are available.

h. The pressure vessel and associated components shall be state-of-

the-art for structural analysis and fabrication.

i. The pressure vessel thermal design shall be based on internal re-

generative cooling and external insulation for the shell and lower

head sections, and internal bypass cooling for the upper head

and primary flange sections.

j. The over-all dimensions of the pressure vessel and associated com-

ponents shall approach as closely as possible the compact arrange-

ment proposed for the MGCR land-based prototype, consistent with

the requirements for experimental access.

k. The core-support shell and head sections shall be internally in-

sulated and externally cooled. The design shall incorporate the

metallic insulation proposed for the MGCR land based prototype
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to provide for a demonstration of the suitability of the insula-

tion design and the method of attachment at the temperatures and

pressures of interest to the MGCR Program.

1. The core design for the BORE facility shall be based on the core

element concept which comprises an annular ring of eighteen fuel

rods which surround a center BeO spine, and are encompassed by a

BeO shape with an inner circular hole and an outer square shape.

m. The BORE core and reflector elements shall provide for the in-

terchange of basic shapes of BeO to achieve experimental flexi-

bility and maximum possible use of core moderator element BeC

rejects in the reflector. The dimensions of the BeO shapes shall

be determined to permit the number of basic shapes to be limited

to three, and to provide for assembly of the following elements:

(1) An annular array of eighteen fuel rods and associated modera-

tor.

(2) A bundle of nineteen rods, comprising eighteen fuelled rods,

a center unfuelled rod, and associated moderator.

(3) A reflector element.

n. The core design shall provide for the installation of instrumen-

tation, with a suitable disconnect at the bottom of the core, to

measure the following:

(1) Outlet gas temperature from each fuel channel.

(2) Inlet gas temperature and pressure to the core.

(3) Outlet gas sample from each fuel channel.

(4) Flux distribution for the core, covering a minimum of sixteen

positions and a maximum of thirty-six positions in a radial

plane with full axial scan.

(5) Fuel channel flow rates on either a four-channel or a single-

channel basis.

o. Reactor components shall be handled with the reactor in a water-

flooded condition. The design of the reactor equipment shall

provide for prevention of corrosion.

p. The reactor design shall provide for the following operations

without impairing the operating capability and safety of the

system:
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(1) Normal operation, in helium, at a steady power level, for any

of the six operating cases.

(2) Normal startup, shutdown, and scrams.

(3) Change in the thermal power output of the reactor by varying

the pressure level of the primary system. The BORE experiment

will be limited to a study of the effects of pressure cycling

on the fuel-rod cladding, since the system control would re-

quire the machinery which comprises the HRTE facility.

(4) Emergency cooling with helium at system pressure or air at

atmospheric pressure.

(5) Water-flooding for handling core elements.

q. The reactor design shall provide for a loss of primary system

coolant for a period of fifteen minutes, combined with an assumption

that inleakage of primary system gas through the fuel-element clad-

ding has occurred and that no credit may be taken in the structural

analysis for a reduction in cladding loading, due to outleakage of

gas through the fuel element cladding, for this accident case.

r. The design shall provide for filling and drainage of the deminera-

lized water, for circulation of the demineralized water prior to

head removal to remove contaminants, and during core handling for

the removal of afterheat from the core.

s. The core arrangement shall incorporate control rods with a cruci-

form configuration.

REACTOR MECHANICAL DESIGN (TASK 7 AND 8) (R. W. -Bean, C. 0. Peinado,
T. J. Larson, D. R. Buttemer, and R. E. Engberg)

A reactor arrangement has been developed for the BORE.

This arrangement, shown on Fig. 1.1, shows a lO-Mw(t) BORE core sup-

ported and located inside a pressure vessel large enough to accommodate

the 50-Mw(t) HRTE core.

The control rods are mounted on a removable access cover which permits

a clear 38-in. diameter for access. This requires the decoupling of the

control-rod system drive shaft from the active blade section and the re-

moval of the access cover and drive mechanism. The cover and the drive

mechanisms are removed as an integral unit.
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Prior to opening the reactor, the system will be gas-cooled to a

temperature which will permit water flooding without thermal shock damage

to the reactor equipment. The design provides for a fill-and-drain con-

nection in the bottom head which will be connected to a supply tank con-

nected to a supply tank containing 7500 gal. of demineralized water for

the filling operation, and to an effluent line common to the drain lines

from the fuel storage area. A nozzle is provided in the access cover to

facilitate circulation of the reactor fluid for cleanup prior to opening

the reactor, and permitting mixing with the water in the reactor vault

and the fuel storage area.

The arrangement in Fig. 1.1 shows a primary flange closure to permit

a 95-in. clearance opening for major work, such as the installation of the

second core, in the core region.

The reactor support is shown in outline form for simplicity as pre-

vious support designs have been reported. (4)

The reactor arrangement shows four 6-in. nozzles located in the bottom

head to provide for routing the leads for the reactor core instrumentation.

A more detailed conceptual design of the pressure vessel and associated

components comprising the thermal shields, core support structure, and

reactor support is shown in Fig. 1.2.

The drawing shows two 4-in. nozzles located in the top head to pro-

vide for a 10% bypass of the primary coolant flow. The coolant gas enters

the space below the access cover and sweeps down on both sides of the thermal

shield, thereby, cooling the pressure vessel head, thermal shield, and inner

head sections.

At the plane of the concentric duct, the 10% bypass flow joins the

90% full flow entering through the outer annulus of the concentric duct,

to give full regenerative flow down the shell sections adjacent to the

active core. The cooling arrangement provides for the removal of the in-

ternal heat generated in the structures. Figure 1.3 shows the internal

heat generation rate at the core mid-plane, and Fig. 1.4 shows the geometric

factors to be applied to these heating rates, normalized to one, at the

core mid-plane.
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Orifices are provided to control the flow distribution in the coolant

channels. The design of the detailed method of flow distribution control

is awaiting a more exact delineation of the accuracy with which the con-

centric shells can be fabricated and installed.

Present plans do not include experimental studies of flow distribu-

tion other than those that will be possible with the actual pressure vessel

and associated components.

The pressure vessel is internally cooled and externally insulated,

and the core support structures are internally insulated and externally

cooled. This concept differs from the MGCR land-based prototype(2) which

utilized an internally insulated and externally cooled pressure vessel.

It should be noted that a feature of the land-based prototype pressure

vessel design was a capability for an outlet gas temperature of 1700 F,

and therefore, correspondingly higher inlet gas temperatures to the core,

combined with higher pressures. The design cases for BORE/HRTE provide

for inlet gas at 750 F and 1120 psia, or 880 F inlet at approximately 600

psia. These cases compare with an inlet gas condition of 880F and 1120

psia for the MGCR seagoing version. 3) For the BORE/HRTE operating cases,

it is possible to reduce plant costs by using an internally cooled and ex-

ternally insulated system. The design outlined in Fig. 1.2 is then within

the state-of-the-art to analyze and fabricate, thus permitting the schedule

of construction to be accomplished and providing the experimental facilities

with the necessary capability to prove the BORE/IRTE concept.

One feature of interest in the design shown on Fig. 1.2 is the use of

a radial skirt to transmit the core loads to the vessel. This is an essen-

tial feature of the MGCR design to provide for the temperature difference

between the vessel and core support structure. The design of the skirt

for the BORE/IRTE is less stringent than for the MGCR since the temperature

difference is less; however, its inclusion in the design will provide use-

ful experience for future MGCR systems.

A survey of core arrangements has also been completed to establish

the core design for the BORE. The first part of this survey evaluated

several core arrangements with respect to:
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a. Fabricability of BeO shapes

b. Cost of a complete BeO loading for the c6re

c. Thermal stress in the BeO

d. Fuel channel distortion

e. Moderator-to-fuel body volume ratio and percent BeO in the

active core

The designs investigated essentially comprised concepts of slab de-

signs with the fuel pins between the slabs and various arrangements of

fuel bundles and annular fuel arrays combined with moderator.

The survey was divided into two parts: the first indicated that a

more detailed study of slab and annular designs should be undertaken, the

second part was an implementation of the conclusions of the first part and

is a more detailed evaluation of annular and slab designs. Specifically,

the study investigated the following:

a. Thermal stress in the BeO

b. Mechanical loads in the BeO

c. Effect on core performance of BeO failure

d. Applicability of fabrication and operational experience to the

MGCR

e. Capability of conversion to alternate fuel element geometries

f. Cost

g. Cross-flow of coolant among fuel channels

h. Fuel-channel geometry

i. Maximum cladding temperature during a loss of primary system

coolant

j. Mechanical complexity

k. Percent metallic structure in active core

1. Fabrication development required for the BeO

The conclusion of the study is that the annular design has sufficient

advantages to justify its selection as the reference design.

In addition to the detailed findings of the survey, the following

points were developed concerning the 18-rod annular and the 19-rod bundle

fuel element concepts:
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a. The thermal and pressure drop performance of the elements are

comparable, although the relative simplicity of the annular de-

sign flow passage gives greater assurance of satisfactory per-

formance.

b. The research and development cost to establish thermal and struc-

tural performance is less for the annular design than for the

bundle design.

c. The cladding temperature at a given time after a loss-of-coolant

accident is less for the annular design than for the bundle de-

sign.

d. Calculations of thermal stress in the BeO show lower values for

the annular design.

e. Both concepts are structurally equally suitable for full MGCR

development.

f. Using current AEC fuel cycle costing practices and data, both

designs appear comparable. It is believed, however, that the

more highly lumped 19-rod design may eventually have a slight

inherent advantage if the current costing practices are modified

to reflect true fuel-cycle shipping and reprocessing costs im-

posed by the two designs.

g. The fuel handling concept of removing the fuel only from the

moderator appears to be somewhat more difficult with the annular

design. Designs have been developed for the annular fuel element

concept which will permit removal of the fuel and moderator toge-

ther for the first BORE core, and alternatively, which will permit

removal of the fuel and center spine without disturbing the rest

of the moderator. Although credible designs can be developed for

the annular fuel element which provide for removal of fuel only,

the operation is more difficult than for the bundle element.

Although it is desirable to develop a core element for the first BORE

core at a minimum cost and with a high level of confidence, the choice of

concepts will also provide the first step of a program to fully develop an

MGCR core.
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Finally, it was noted that the 18-fuel rods and the fuel element

pitch may not be optimum for the annular design. Either 19 or 20 rods

may be a more suitable number for thermal stress optimization for the

chosen fuel element cell size.

The decision has, therefore, been made to proceed with the design

of the BORE core based on the annular design. The annular design concept

can be implemented in several forms. Figure 1.5 shows four posible con-

figurations which are: (1) the basic 18-fuel rod configuration, (2) the

regular octagon with detached corners, (3) the square cut at the corners dii

are design refinements to reduce the thermal stresses to a lower value

than those developed in the basic configuration with 18-fuel rods, and

(4) the 20-fuel rod configuration which equalizes the stress in the BeO

pieces by increasing the diameter of the center spine and decreasing the

ligament of the square shape.

Conceptual designs have been developed for the four annular design

configurations and are shown in Figs. 1.6 - 1.9.

It has been concluded that the design shown in Fig. 1.6 leads to the

least complex core arrangement, with the design shown in Fig. 1.9 as the

simplest backup design if future studies on BeO thermal loadings show a

need for a reduction in thermal stresses.

A design feature of interest in the core element shown in Fig. 1.6

is the use of a center tube to locate the core element instrumentation

leads and run them out to a plug in the bottom of the element. This

arrangement provides for attachment to a mating plug in the core support

structure. The core arrangement developed has been based on the square

uncut annular design and is shown on Fig. 1.10. Quadrant A shows a plan

view of the top of the core and quadrant B a section through the core just

below the top plate. Quadrant C shows a plan view of the top of the lower

plenum boxes; quadrant D shows a section through the boxes.

On the right (Fig. 1.10) the elevation is cut along section line AA

which cuts through a control blade sleeve to the center of the core and

then out between core and reflector elements.
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The design provides for the removal of individual core or reflector

elements and for the removal of the lower plenum boxes, as normal experi-

mental procedure. This gives the experimental core a significant degree

of flexibility to provide for experiments with more advanced versions of

MGCR cores. In essence, parts of the core may be removed and replaced

by elements with significant design differences. By replacing a lower

plenum box with a new box, the top plate of which is designed to suit the

configuration of the new element, experiments may proceed without major

modifications.

The design is based on each core element being equipped with the

necessary experimental instrumentation so that upon installation the in-

strument leads connect to the semi-permanent plug at each station of the

core support grid structure.

This arrangement (Fig. 1.10) shows the annular design core elements

and the reflector elements. It should be noted that by replacing the

center spine of BeO in a typical reflector element, it is possible to test

a 19-rod bundle of fuelled rods.

Conceptual designs have been developed for the BORE control rods (Fig.

1.11). The designs cover the cruciform blade section up to the coupling

which connects to the drive mechanism output shaft. Figure 1.11 shows a

control rod comprised of vertical metallic tubes which contain the absorber

material held into the required geometry by a center tube and cruciform

supports.

Figure 1.12 shows a control rod comprised of a metallic frame faced

with metallic sheets containing the absorber material within the frame

spaces. Both concepts appear feasible for fabrication.

A summary has been made of the data available on the physical and

mechanical properties of unirradiated BeO.(5,6,J)

The properties of interest, as a function of temperature, were:

a. Modulus of rupture

b. Tensile strength

c. Modulus of elasticity
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d. Thermal conductivity

e. Mean coefficient of linear thermal expansion

The material parameters of interest in identifying the data were

fabrication method, density, and grain size. A general lack of this

information was noted, expecially concerning the grain size and fabrication

process. Figures 1.13, 1.14, 1.15, 1.16, and 1.17 present these data.

A weight estimate has been completed for the BORE and HRTE reactor

components. Table 1.1 and 1.2 summarizes these weights.

It should be noted that the weights listed for the HRTE are estimates

and are subject to change as the pressure vessel head and top support ring

designs are tentative.

All metallic structural material within the core was assumed to be

Hastelloy X and the remaining metallic structural material was assumed

to be steel. The material densities used in the weight calculations are

as follows:

BeO (93% theoretical density) 0.101 lbs/in3

Fuel (30 v/o U02 , 70 v/o BeO) 0.183

Hastelloy Alloy X 0.297

Steel 0.283

Metallic internal insulation 0.026

Control-rod absorber material 0.145

Table 1.1

BORE REACTOR WEIGHTS

Component Number Unit Weight Weight
Required (lb) (lbs)

Fuelled core modules 36 132 4752

Reflector core modules 52 120 6240

Inlet plenum chambers 22 28 616

Control rod thimbles 4 94 376

Top support hold down plates 9 -- 210
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Table 1.1 Cont.

Co mpTent Number Unit Weight weight
Re quired (ibs ) (lbs|

Weight resting on core support
structure, Total = 12,194 lbs.

Top support structure ring 1 475 1475

Control rods*

Rod type 4147588

Tile type 4 145 58C

Pressure vessel and associated

components -- -- 308,70C

Control rod drives 4 2044 8,176

Internal insulation 2, 28C

Total reactor weight = 333,400 lbs.

Material Weights (lbs)

BeO 9,047

Fuel 796

Metal 323,557

*The tile-type control rod was used for the total weight.

Table 1.2

HRTE REACTOR WEIGHTS

Component Number Unit Weight Weight
Required (lbs) (lbs)

Fuelled core modules

Reflector core modules

Inlet plenum chambers

Control-rod thimbles

Top support hold down plate

Weight resting on core support
structure, Total = 63,752

308

148

114

16

132

120

28

94

40,656

17,760
3,192

1,504

64o

17
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Table 1.2 Cont.

Component Number Unit Weight Weight
Required (lbs) (lbs)

Core support ring 1 1095 1,095

Control rods*

Rod type 16 147 2,352

Tile type 16 145 2,320

Pressure vessel and associated

components 310,100

Control rod drives 16 2044 32,704

Internal insulation 2,280

Total reactor weight = 412,250 lbs.

Material Weights (lbs)

BeO 44,217

Fuel 6,810

Metal 361,223

*The tile-type control rod was used for the total weight.

REACTOR THERMAL DESIGN (TASK 7) (R. Katz, G. J. Malek)

A preliminary study of the bypass cooling for the top head of the

pressure vessel shown on Fig. 1.2 has been completed. This study was

based on the heating rates shown in Fig. 1.3, and the geometric factors

shown in Fig. 1.4. A schematic diagram of the coolant flow arrangement

is shown in Fig. 1.18. The study assumed a large core at 74-Mw(t) power

and an externally insulated pressure vessel. The pressure vessel wall was

assumed to be 6-in. thick and the flange 16.5-in. thick.

The results of the study (Fig. 1.19) show the maximum pressure vessel

temperature versus the percent of coolant flow to the top head for two

assumped channel gaps of 2.75-in. and one inch respectively. The current

channel gap has a nominal dimension of 2.00-in. with material and fabrica-

tion tolerances allowing for a deviation of + 0.75-in. Based upon a maximum
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design pressure vessel temperature of 850 F, the minimum permissible flow

to the top head is 4% for the 2.75-in. gap and 2% for the one inch gap.

Although the results in Fig. 1.14 are shown for a 74-Mw(t) core and 102

lb/sec total coolant flow rate, they are considered applicable to other

cases such as the ERTE core at 50-Mw(t) power or the BORE core at iO-Mw(t)

power. The applicability of these criteria to HRTE and BORE cores result

from the fact that the available heat transfer coefficient, the total cool-

ant mass flow rate, the internal heat generation, and the core power de-

crease together, although not in the same proportion. In actuality, the

case for which results are presented is slightly more severe than each of

the other cases (i.e. 10-Mw(t) and 50-Mw(t)).

These results are based upon a perfect flow distribution. Ideally,

it is desirable to provide sufficient flow to be on the flat portion of

the curve, where the vessel temperature is relatively insensitive to local

variations in flow. However, this means a 30% or greater gas flow for

cooling the top head which is a requirement more than six times the minimum

flow being supplied. It is impossible to assess accurately all of the un-

certainties involved in the analysis and cooling flow distribution; however,

a safety factor of two for the flow rate has been applied. On this basis,

it recommended that 10% of the total coolant flow be provided for cooling

the top head of the pressure vessel, including core barrel and thermal

shield. This distribution of flow is recommended for both the 4-nozzle

and the 16-nozzle head as summarized in Table 1.3.

Table 1.3

FLOW DISTRIBUTION FOR 4-AND 16-NOZZLE HEAD

Core Mass Flow Rate
Pressure Vessel Power Total Mass Flow Rate Required To Cool

Head Configuration (Mw(t)) (lb/sec) Pressure Vessel
Head (lb/sec)

4-nozzle 10 13.88 1.39

16-nozzle 50 69.19 6.92
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Fuel Element Heat Transfer and Fluid Flow Research and Development

The following experimental work was initiated on the 19-rod circular

bundle design:

a. A qualitative examination of the air flow pattern in the 19-rod

circular fuel bundle was made using 1 in. long wool fiber tufts on

the plexiglass shroud and the rods. The major conclusion reached

by this analysis is that the spiral spacers have a negligible in-

fluence on the main coolant flow. The tufts were all parallel to

the axis of the fuel element and it was noted that no whirl com-

ponent appears to be imparted to the flow by the spiral spacers.

This was even true in the immediate vicinity of a spiral spacer.

b. Figure 1.20, taken perpendicular to the flow direction, shows fuel

element and tufts. The light colored tufts in the figure are attached

to the plexiglass shroud and the dark colored tufts are on the rods.

Figure 1.21 shows the end of the fuel element. Arrow No. 1 in Fig.

1.20 delineates the flow direction and Arrows 2 and 3 point to the

dark colored tufts which are parallel to the flow direction

immediately over the spiral spacers.

c. Pressure drop measurements were made on the 19-rod circular fuel ele-

ment and correlated as a friction coefficient, CF, versus Reynolds

number, Re. Two sets of measurements were made, one on rods without

spiral spacers, and one on rods with spiral spacers. The results are

shown in Fig. 1.22. It can be seen from this figure that the measure-

ments without the spiral spacers correlate about 3% higher than the
-0.2reference friction correlation for smooth tubes, CF = 0.046 Re0.

The measurements on rods with the spiral spacers have been correlated

with a curve 18% greater than the reference equation for smooth tubes

as indicated in the figure. Pressure drop calculations for the core

have included a factor of 20% greater friction coefficient than smooth

tube data to allow for the effect of the spiral spacers.

d. Measurements of the amount of material sublimated in the mass trans-

fer tests will be made at 10 degree increments arund the circum-

ference of the test rod. In order to indicate the angular position
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Fig. 1.21--End View of 4X Scale Model of the 19-Rod Circular Fuel Element
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on the recording chart a disk with slots at 10 degree increments

will be attached to the test rod and a light source and photocell

will be mounted on opposite sides of the disk. When a slot in the

disk coincides with the light source, the photocell will energize

a relay which in turn will provide for a signal to the recorder.

These measurements will commence during the next reporting period.

A limited amount of thermal analysis has been completed on the annular

fuel element during this quarter. It was determined that the annular

element has a higher ratio of friction perimeter to heat transfer surface

than the bundle fuel element, which for the same clearance-to-diameter

ratio would produce a higher pressure drop. Calculations have been com-

pleted which show that an increase in clearance-to-diameter ratio from

0.10 to 0.11 reduces the pressure drop about 14/ in the annular design.

Core thermal performance calculations are proceeding on the basis of this

change to the annular fuel element design.

Work has begun on determining the temperature-time history of the

18-rod annular fuel element after a loss-of-coolant accident. The geo-

metry of the 18-rod annular design reduces the temperature rise of the

fuel cladding since each fuel rod has the heat sink on each side of it,

and the design has an increased moderator surface to volume ratio. Approx-

imate calculations show a reduction of cladding temperature from 21000F,

for the bundle design, to 1800 F for the annular design at the end of one

hour after loss-of-coolant. The analytical work now in progress should

yield a lower value of cladding temperature since the effects of the heat

capacity of the fuel body and the effect of separation of the cladding

from the fuel body had not been considered in the initial calculation.

The effect of separating the fuel cladding from the fuel body is

significant since it changes the heat transfer mechanism from the fuel

body to the cladding from conduction to radiation. This reduces the temp-

erature increase in the cladding as a factor of time by about 200 0F in the

first 15-sec. after the loss-of-coolant.

A significant amount of analytical work has been completed in an

investigation of the thermodynamics and fluid dynamics of a proposed test
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facility to study the thermal stress loading in the BeO shapes under con-

sideration. The thermal loading is developed by driving heat radially in-

ward through the BeO specimens and cooling them internally to develop

thermal stresses. The magnitude of this heat flow across the specimen

determines the magnitude of the stress and the volumetric stress distri-

bution. The important criteria that have been established are:

a. It is required that the facility have a minimum capability of

producing 50*F radial AT across the BeO minimum ligament, to

produce a stress level similar to the design model prediction.

b. It is required that the facility be capable of satisfying a at

a BeG temperature level between 1000 and 1500 F.

c. It is desired that the facility have the capability of produc-

ing 100 F radial AT across the minimum ligament at the condi-

tions in b. It is estimated that this temperature difference

would induce a stress of 40,000 psi, at which point the proba-

bility of fracture would be high.

The problem then reduces to one of choosing between (1) an air-flow

coolant, and (2) a liquid coolant for removing heat from the BeO test

specimens. Heat input is provided by electric heaters since the heating

requirements are the same.

The results of a study comparing the air-flow test stand presently

in use and a proposed liquid cooling stand are as follows:

a. The air-flow test stand is capable of satisfying the minimum re-

quirements of 50 FAT and has a maximum capability of approxi-

mately 750F radial AT at 1500 F BeO temperature. Figure 1.23

shows the available AT of the BeO ligament as a function of

BeO temperature and available pressure drop. The stand has a

flow capacity of approximately 3 lb/sec; however, the maximum

expected performance of the existing blower is limited by the

pressure and as shown by the curve AP = 2.3 psi.

b. The air-flow test stand offers a simple and economical test

facility.
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c. A liquid coolant system can be designed with far greater heat re-

moval capacity than exists in the air-flow test stand and can,

therefore, meet the desired capability of 100F A T.

d. The liquid coolant system is, however, more complicated, has more

variables affecting system performance and is more expensive than

the air-flow test stand.

Because of the above reasons, it is proposed that the thermal stress

program proceed as follows:

a. That tests be conducted with the present capability of the air-flox

test stand.

b. If the thermal loadings do not produce rupture, modifications to

the air-flow test stand, such as the use of fog nozzles to increase

the heat transfer coefficient and thus the thermal loading, should

be considered.

c. If b does not produce rupture, the design of the new test stand will

be considered, including possible use of liquid coolants.

The study also investigated the use of air and liquid coolants for the

test stand and determined the heater requirements.

Based on the above study, a program of experimental investigation of the

effects of thermal loading on BeO in the air-flow test stand has been initiated.

HANFORD LOOP (TASK 20) (H. C. Hopkins)

Heterogeneous Fuel Element

A circular 19-rod fuel element bundle (MGCR-HDR-3) was developed during

this reporting period. This element has been fabricated, tested out-of-pile

and shipped to Hanford for insertion in the DR-1 Gas Loop.

A cutaway and exploded view of the test fuel eleirunt configuration is

shown in Fig. 1.24. The configuration of this element was similar to

those previously tested so that the several mock-.ps and preliminary

tests did not have to be repeated. The power versus fuwi enrichment had

been measured with a nuclear mock-up and the maximum external dimensions

for the test element had been established by several outside dimensional
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mock-ups. The thermal mock-up that as designed to obtain pressure drop

and heat transfer data to aid in predicting the maximum surface temperature,

was - with the exception of the support grids - a 5/3 scale duplication of

the test element. The element was shipped to the Hanford DR-1 loop on

November 30, 1960, and will be inserted in the pile early in January 1961.

This test fuel element contains 70 v/o BeO - 30 v/o U02 fuel pellets

enclosed by a 10-mil Hastelloy X cladding. Of the 19 rods, 18 are fueled,

four of which have been creep-shrunk in order to compare the performance

under test cornditir.&ns with non-creep-shrunk fuel rods. The center rod is

unfueled and contains hollow BeO cylinders for environmental testing. The

spacing between the fuel rods is maintained by a spiral fin on the fiel

rods and arranged so that a spacer bears on a spacer. The middle ro ci

fuel rods have two spiral spacers on each rod. The spiral spacers are

attached to the fuel rods by spot welds every half inch. The fuel rods

are welded into the rear or hot fuel rod support grid, and a slip fit is

fabricated at the front or cold fuel rod support grid to allow for differ-

ential thermal expansion (Fig. 1.24).

Prior to assembly and shipment of the test element, both the individual

rods and the element were thermally cycled in helium at 230 psia between the

maximum expected cladding temperature of 1500 F and a minimum temperature of

600 F. Following the last thermal cycle, the system was rapidly depres-

surized while the element was hot (1500 F) to simulate a loss-of-coolant

accident in the DR-1 loop. Early thermal cycle testing caused swelling of

the fuel rods which was probably due to out-gassing of the fuel pellets.

By baking at 18000F, however, and then evacuating the rods, this cause of

failure was eliminated. Following this operation, the pins were filled with

helium and sealed. All individual pins and the entire element were thermally

cycled five times and helium leak tested before shipment.

The creep-shrink process is considered necessary for the BORE con-

ditions which will require thin fuel element cladding but is not required

for the DR-1 loop, because of the lower operating gas pressure, 215 psia.

The creep-shrink process actually collapses the cladding around the fuel

pellet in a controlled manner to prevent shifting of the fuel pellets and
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uncontrolled cladding collapse during thermal cycling within the reactor.

A temperature of 18+0 F and 650 psig for one hour produced satisfactorily

creep-shrunk pins for the test element.

Semi-homogeneous Fuel Element

The second semi-homogeneous fuel element was removed from the Hanford

DR-1 Gas Loop after 1500-hrs. of irradiation at 1500 F because of a failure

in the loop helium compressor system. The examination of the element in

the General Atomic Hot Cell showed it to be in good condition except for

small cladding cracks in the first pin and a crack in the end weld of the

second pin. The cladding cracks in the first pin were assumed to be the

result of too high a fabrication temperature and in similar condition to

the pins of the first semi-homogeneous fuel element (MGCR-IDR-l). (48) The

second fuel pin from MGCR-HDR-2 was fabricated at a lower temperature and

contained only one end weld crack. In other respects, the condition of the

element was identical to MGCR-HDR-l. A significant result of the test was

that irradiation of the element continued for 1000-hrs. after fission pro-

duct leakage was detected in the DR-1 loop.

CONTROL ROD DRIVE MECHANISM DEVELOPMENT (TASK 10) (F. J. Liederbach,
B. C. Hawke)

With exception of the control rod to drive shaft disconnect and

associated component, (8) all vendor supplied components for the control-

rod drive mechanism were received and all components fabricated at General

Atomic were completed during this reporting period.

A successful trial assembly of both the upper and the lower drive

sections was made. Some functional testing was begun on components of

the upper drive section which comprises the scram and positioning motors,

pneumatic valve unit, modulator valve actuator, and limit switches. Fig-

ures 1.25 - 1.26 show the mechanism in various stages of assembly.

Control Rod Drive Test Program

A rig for testing the control-rod drive assembly has been built at

General Atomic. This rig consists of a 15-in. diameter, 15-ft. deep hole

with a support structure carrying a pneumatic hoist located over the hole.
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The purpose of this rig is to enable the drive to be ser p in its thimbl e

with weights which represent the control rod, attached to the drive shaft

and tests to be made in air at room temperature. Figure 1.27 shows the

partially completed rig.

High temperature tests in a helium environment were concluded on the

1-1/8 in. dia. (SAE 4620 material) ball-nut lead screw (Fig. 1.28) described

in previous Quarterly Progress Reports. (4,8) The final tests consisted of

2724 cycles at 662 F and 2062 cycles at 762 F. No further deterioration in

the operation of the screw was noticed during these tests, and for that

reason, they were brought to a close.

FUEL HANDLING (TASK 60) (F. J. Liederbach, T. B. Pearson)

The BORE refueling system was initially proposed as a wet system,

wherein the reactor core and the reactor vault would be flooded with water

to act as shielding; subsequently, a dry refueling system was investigated

in order to determine whether or not more rapid access to the core could be

gained. The investigation clearly showed that the extra costs of solid

shielding, remote viewing, and remote operation were in excess of the ad-

vantages gained. Accordingly, design effort turned to the wet refueling

system.

The general arrangement of the facilities to accomplish the fuel hand-

ling operations is shown in Figs. 1.29 - 1.31. The reactor vessel is located

in a shielded vault. The top of this vault is normally covered by a remove-

able concrete shield approximately 8 ft thick. Storage space for the reactor

vessel head is provided in an unshielded pit adjacent to the reactor vault.

The head storage pit is normally covered by a protective closure to keep the

storage pit free from foreign material and to provide a walking surface for

personnel.

A partial wall separates the head storage pit from the reactor vault.

This wall serves as a shield during normal reactor operation and also

permits independent flooding of the head storage pit. Support structures

are provided for the main bolting ring and reactor vessel head and for

the secondary bolting ring and top closure. Only one set of support

structures will be required at any given time since the top closure will
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be left as an integral part of the reactor vessel head whenever the head

is removed.

The fuel storage pit is also located adjacent to the reactor vault,

but 90 degrees away from the head storage pit, and is normally filled with

water to within 6-in, to 12-in. of the floor level. The reactor vault and

the fuel storage pit are separated by a shielding wall containing a concrete

plug which, when removed, provides a canal 2-ft. wide and 20-ft. deep be-

tween the reactor vault and the fuel storage pit. The fuel storage pit

end of the canal is covered by a water-tight gate which prevents water

from the normally full fuel storage pit from leaking into the normally

empty reactor vault. A sump system is provided in the bottom of the canal

to handle accidental leakage. In addition, the concrete canal plug is

provided with soft seating surfaces so that gross flow into the reactor

vault will be prevented in the event that the canal gate suffers a major

casualty.

The gate shown on Fig. 1.32 is sealed by double 0-rings cr other

suitable gaskets. Space is provided between the gaskets for leak testing.

The gate is clamped to the canal face by suitable clamps which, when loose-

ned, can be swung out of the way, thus eliminating the necessity of lifting

the gate completely out of the pit to open the canal. Instead the gate

can be backed away from the canal and stored in the fuel storage pit.

The design of the equipment for actually lifting and transporting

the fuel elements is still under investigation. The requirements for this

equipment are dictated by the design of the fuel elements and the core.

For example, if lifting the fuel elements only is required, a simple flexi-

ble cable hoist will probably suffice; however, if other motions such as

pushing and twisting are required, the need for a more versatile tool will

be indicated.

The refuelling system utilizes pure, demineralized water to provide

shielding for personnel protection when the top portable shielding has been

removed. After the reactor vessel and core have been cooled to an acceptable

temperature, the reactor is flooded with water. The water is circulated

through the reactor and sampled until the activity is below a prescribed

limit; subsequently, the reactor vault is flooded.
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For handling operations involving the fuel elements in the BORE core,

access to the core is provided through the top closure plate in the reactor

vessel head. In this case, the water level in the reactor vault can be

raised up to the level of the top closure plate. It is anticipated that

under these conditions, personnel access will be possible without the use

of portable shielding.

For handling operations involving access to a larger area of. the core

than that provided by the 38-in. diameter opening in the reactor vessel,

the reactor vessel head must be removed. This operation requires the use

of stud removal equipment and seal-weld cutting equipment at the main flange

level. In this case, portable shielding will be required to provide pro-

tection from the radiation emanating from the activated materials of the

reactor vessel head.

After the water level inside and outside the reactor vessel has been

raised to the level required to shield the core and the reactor vessel,

the top portable shielding of the reactor vault may be removed. This

shielding is also shown in Figs. 1.29 - 1.31, as being in two halves. The

shielding carriage is positioned over the first half and by means of

mechanical jacks, the shielding is lifted clear of its supports and is

locked into the carriage. Then the carriage is propelled into the shield-

ing storage area where the shielding is lowered to the floor and released.

The operation is repeated for the second half. Although this type of system

seems quite convenient, a removable shield block system using the overhead

crane for handling is still being investigated.

After access has been gained to the reactor vault, the piping and

electrical leads to the control-rod drives are disconnected. The drives

are disconnected from the rods by removing the access covers in the top

of the drive thimbles and inserting a special tool down the hollow center

of the drive to actuate the disconnect. Subsequently, the drives are run

to their full "up" position. In this position, no part of the drive pro-

jects below the flange of the reactor vessel head.

Stud tensioning and removal equipment is then lowered into the reactor

vault and the studs holding down the top closure bolting ring are removed
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and placed in the stud storage rack on the wall of the reactor vault. It

is anticipated that the access cover will not be seal welded so that the

bolting ring and closure plate may be lifted off together. Otherwise the

bolting ring must be lifted off first to provide access to the seal weld

ring. In either case, after the access cover is free to be lifted, the

reactor vault is flooded to a level no closer than 38-in. to the top of

the control-rod drive thimble.

As the access cover is lifted further, flooding can take place until

the water level in the reactor vault and the head storage pit is 6-in.

below the floor level. The access cover is then transferred to the storage

pit underwater and is placed on its supports.

The removal procedure for the reactor vessel head is similar except

after stud removal the bolting ring is transferred to the storage pit

where it is stored under water. After seal-weld cutting operations have

been completed, the water level is raised and the head transferred under

water in the same manner as described for the access cover.

Once the water level in the reactor vault is the same as that in the

storage pit, the canal gate and canal shield plug can be removed.

The fuel handling operations are accomplished by the fuel handling

equipment. Any fuel element in the BORE core can be lifted straight

through the 38-in. diameter access opening in the reactor vessel head.

When the bottom of the fuel element clears the reactor vessel, the fuel

handling equipment is centered and the fuel element is transported through

the canal over the fuel storage pit. During this operation the fuel element

will be covered by at least 10-ft. of water for shielding. After the fuel

element is placed in the storage rack, the process can be repeated for

other elements.

Portable lighting and viewing systems will be required to permit

accurate positioning of fuel handling equipment. Suitable systems are

being investigated.

If because of excessive contamination of the storage pit water,

storage of a failed fuel element in the storage pit is undesirable, the
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:ailed fuel element may be encapsulated in a steel cylinder to prevent

further spread of contamination.

Spent fuel elements will be left in the storage pit until sufficient

time has elapsed for radiation to decrease to permissible levels. A

shielded shipping cask will be used to transfer the fuel elements to in-

spection or reprocessing areas. The shipping cask will be lowered to the

floor of the fuel storage pit and the fuel elements will be loaded into

it under water. Operations for handling control rods will be similar to

that discussed above for handling fuel elements.

REACTOR CONTROLS AND INSTRUIMENTATION (TASKS 14 AID 62) (F. J. Liederbach,
W. Lones)

Test instrumentation circuitry was designed and most components pro-

cured for a test console to be used with the control-rod drive mechanism

tests. The instrumentation will be used in both the ambient check-out

tests and environmental test loop check-out tests of the mechanism. The

console is about 90% complete.

The BORE conceptual control and safety system designs were advanced

to a point where a preliminary design for the BORE reactor has been devel-

oped. This design incorporates the instrumentation necessary to operate

the reactor and main coolant loop safely with a minimum amount of shut-

down time due to instrumentation, component failures, or momentary power

outages. Surveys are being made of equipment available for radiation

monitoring, reactivity control, and reactor safety systems.

A preliminary design was also completed for the control room and the

instrumentation layout of the main panelboard. Because of tight space

requirements and the necessity of providing spare space for an additional.

panelboard for the forthcoming HRTE, plans were made to use four central

sections of panelboard as a simulated console with all the necessary in-

dicators and controls to enable the operator to control the reactor and

plant from these panels under normal conditions.
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II . FLUID SYSTEMS ATD PLANT ARRANGEMENT

DEVELOP REFERENCE DESIGN OF PRIMARY LOOP COMPONENTS (TASKS

Heat-exchanger Test Loop (W. Heidelberger, A. Kazarinov, H. C. Paulsen,
B. Lund)

The bare-tube helium heat transfer runs have been completed. The data

obtained will be compared to the supported - tube heat transfer test results.

The model heat-exchanger was then modified by the addition of the distributed

airfoil-shaped tube-support array and the supported-tube heat transfer tests

series also completed. Final data reduction from this latter series of test:

was begun and will be reported on shortly.

Flange Tests (D. W. Carreau, T. S. Cramer, R. L. DuPont, B. Lund)

Design of the flange test experiment has been completed. The :bjective

of this test program was to obtain data concerning the performance of a

flanged duct joint, particularly at the joints between the turbomachinery

casings and gas ducting, under conditions simulating those expected to occur:

in the full-scale MGCR plant. A pair of 12-in. flanges was selected for

testing with the flange exposed to full internal helian pressure and operatin

temperature. The test apparatus was designed to apply variable bending

moments equivalent to the maximum permissible under the ASA piping coot.

The helium tightness of spirally-wound, asbestos filled gaskets with ii -

ternal gauge rings (similar to the flexitallic type) as well as ring-typc

metallic gaskets were to be evaluated in addition to the performance study

of an omega seal welding ring. The change in emphasis of the MGCR Progiam

has, for the present, curtailed these investigations.

Mechanical Devices

Inflatable Isolation Plugs (D. W. Carreau, T. S. Cramer, B. Lund)

Inflatable plugs will be employed as a means of blocking the gas ducts

during shutdown. The design of an experimental 9.5-in. diameter plug and

test apparatus was completed. Manufacture of the prototype plug and test

apparatus is in progress; this device will be tested for operability as

well as its capability to withstand differential pressure at temperatures

above ambient.
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Development of Plant Control System (Task 15) (D. R. Holding, A. C. McClure)

Transient studies conducted thus far have indicated that both the high

and low-pressure drive plants are controllable. The low-pressure drive plant,

in particular, possesses substantial inherent stability and its transient be-

havior is quite acceptable for MGCR conditions. The high-pressure drive plant

apparently does not have as strong inherent stability as the low-pressure

drive plant and in fact is unstable under certain part load conditions. For

this reason, the contro:L system for the high-pressure drive plant requires

the following additional features which are not necessary on the low-pressure

drive plant:

(1) Automatic reduction of the set point on reactor outlet temperature

when the power turbine is bypassed.

(2) A proportional speed floating control for the bypass valve.

With these modifications to the high-pressure drive control system,

transient performance comparable to that of the low-pressure drive plant

is attainable.

The essential features of the control system are shown in Figs. 2.1

and 2.2 for the low and high-pressure drive plants respectively. Tentative

requirements for each control system are given in Tables 2.1 and 2.2.

Table 2.1

LOW-PRESSURE DRIVE PLANT

Controlled Variable Control Element Operator Mode of Control

Shaft power Power turbine Motor Single-speed

throttle valve, floating**
VI

Compressor speed Power turbine Motor Single-speed

bypass valve, V floating

Compressor speed Compressor bypass fotor Single-speed

valve, V, floating**

Reactor outlet Control rods 1Aotrc., Single-speed
temperature floating**



NOMENCLATURE

N - SHAFT SPEED

P - REACTOR POWER
R

TOUT-REACTOR OUTLET TEMPERATURE

V - VALVE

- MOTOR SOLENOID

I

CLOSE

-- P - M

OPEN

LOW HIGH

PRESSURE PRESSURE

TURBINE TURBINE

VI V2 M

SET POINT N

TOUT I
COMPARATOR

OUT

-1'--
CONTROL
ROD I

TI
CI

REACTOR

-- -

REGENERATOR I

HIGH LOW

PRESSURE PRESSURE

COMP. COMP.

INT ERCOOLE R

R ANSFER V3OMP.

ACCUMULATOR

V4

S

S

VI

N
COMPARATOR - -.. - -

SET POINT, N

P I

- -COMPARATOR

SET POINTIPR

Fig. 2.1-_-Control System-Low Pressure Power Turbine

PRECOOLER

i 
-- Oo



N - SHAFT SPEED

PR - REACTOR POWER

TOUT- REACTOR OUTLET TEMP.

V - VALVE

- MOTOR S SOLENOID

CLOSE

[IJ----M

OPEN

SE

CO
RO

COMPARATOR

ET POINT, TOUT

REACTOR

NTROL
D

ITOUT

R

LOW

HIGH PRESSUREPRESSURE TURBINE r

VI V2 MI

I If

N I

CIPRTR I

ETPOINT, N

N

PRECOOLER

REGENERATOR

1I

LOW HIGH

PRESSURE ~~~~~-PRESSURE

INTERCOOLER

TRANSFER

COMP.

---- A CCUMUL ATOR

! V4 

5

PR COMPARATOR

SET POINT, P
SET

Fig. 2. -- Control SysLem-Higli Pressure Power Turbivo

GEN.



55

Table 2.1 Cont.

Controlled Variable Control Element operator Mode of Control

Reactor power Accumulator outlet Solenoid Two Position
valve, V)

Accumulator inlet Solenoid Two Position
valve, V5

Table 2.2

HIGH-PRESSURE DRIVE PLANT

Controlled Variable Control Element Operator Mode of Control

Shaft power Power turbine Motor Single-speed
throttle valve, floating**
V.,

.

Compressor speed Power turbine Motor Proportional-speed
bypass valve, V2  floating

Compressor speed* Compressor bypass Motor Single-speed
valve, V3  floating**

Reactor outlet Control rods Motor Single-speed
temperature*** floating**

Reactor power Accumulator outlet Solenoid Two Position
valve, V4

Accumulator inlet Solenoid Two Position
valve, V5

* Compressor bypass valve controls against overspeed only when turbine

bypass valve, V2, is closed.

** The single-speed floating mode is for normal operation; faster speeds

may be necessary for emergency conditions.

** An interlock automatically lowers the set point on reactor outlet

temperature as the power turbine throttle valve is closed and raises

the set point as the valve is opened (HPD only).
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BORE Arrangement (I. Kabler, A. C. McClure, B. Lund)

A BORE arrangement study has been prepared utilizing a deep, floodable

pit for the pressure vessel and a shallower pit for the machinery. This

scheme employs a single machinery pit, sized to accomodate BORE equipment

with adequate clearance for future installation of a full--scale'MGCR turbo-

machinery plant. Economical conversion is achieved by providing a permanent

design for that part of the full size concentric duct extending from the

reactor nozzle through the primary shield.

The previous MGCR prototype arrangement studies located the turbine

support in approximately the same horizontal plane as that of the pressure

vessel support, so that the vertical thermal expansion effects of the

concentric duct were neutralized. Due to the high cost of excavation at

NRTS, it has been necessary to explore alternate schemes for the future

installation of turbomachinery, supporting the latter at a substantially

higher level (shallow machinery pit) than that of the reactor support. It

was, however, found that the pipe expansion bending moments due to the in-

creased vertical leg of the concentric duct were very high, and schemes

were considered for the elimination of this problem.



III. ROTATING MACHINERY

DEVELOP REFERENCE DESIGN OF ROTATING MACHINERY (Task 5)(F. McDonald,

A. C. McClure)

Rotating Machinery

A study was made to determine the extent of possible stress reduction

throughout the compressors and the turbines, so that speed could be raised

and the number of stages reduced. However, this study was discontinued as

no immediate cost reduction as a result of these modifications was apparent.

An investigation into the performance of a 120% reaction helium com-

pressor was also made. While it was found that the MGCR design speed of

12,100 rpm imposed considerable performance restrictions on the 120%

reaction machine, the investigation showed that single-stage total-to-total

efficiency of 91% can be achieved. This would permit the low-pressure

compressor to be designed with 10 stages, at a pressure ratio of 1.55.

The study also indicated that, with no rpm or other external design

restrictions, theoretical single-stage total-to-total efficiency can

readily approach that of a normal 50% reaction machine.

Cycle Analysis (D. R. Olding, D. F. Putnam, A. C. McClure)

Reference design heat balances have been developed for both the low-

and high-pressure drive plants with bleed flow specified on the same basis

(Figs. 3.1 and 3.2 respectively). Both configurations have approximately

the same basic cycle efficiency of 33%. However, the mass flow rate is

slightly higher (0.7 lb/sec) for the high-pressure drive plant.

A detailed comparison of the high- and lo-pressure drive plants has

led to the conclusion that the adoption of the high-pressure drive (HPD)

plant would avert some of the most serious operating problems. Accordingly,

the selection of the HPD cycle was recommended for the MGCR.

Calculations were made for the high-pressure drive plant to determine

the variation in cycle efficiency with compressor split, i.e., the ratio

of compressor pressure ratios, , LPC/HPC. The optimum split is PLPC/PKPC =

0.95. The current reference design has /LPC/HPC = 0.91. The curve is
*

Based on measurement of total pressure
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quite flat, however, and the reference design efficiency is within 0.1% of

the optimum.

WESTINGHOUSE TEST PROGRAM

Hood and Diffuser Development

Model tests on the turbine inlet scrolls, described in the previous

Quarterly Progress Report,(1) were continued during the past period.

For the Configuration I scroll (Fig. 3.3), a comparison of the total

pressure losses is shown in Fig. 3.4. The results indicate some variation

in total loss, but in the region of operation, the loss difference is negli-

gible. A comparison of flow swirl angles for comparable runs is shown in

Fig. 3.5. Figure 3.5-A represents the original configuration while Fig. 3.5-B

represents the flow configuration with cone inserts. The swirl patterns are

similar except at circumferential position 6 (Fig. 3.5-A). Figure 3.6 shows

the velocity distributions obtained with a faired edge cone. This cone pro-

vided the best velocity distribution and the best configuration.

Results of tests made with a larger tapered cone (Fig. 3.7) are given in

Fig. 3.8. The velocity profiles and the flow distribution show an improvement

over previous tests, the spread in circumferential velocity being about 20%

except at position 5A (Fig. 3.8). The swirl angle at position 5A indicates

a reverse in swirl from the other locations, so that possibly turbulent mix-

ing conditions there are causing a large loss and separation on the outer

wall of the cone.

Two tests were run on the Configuration II inlet scroll (Fig. 3.9). The

first test was made to determine the effect of enlarging the inlet pipe dia-

meter from 5-21/32 in. to 7 in. A comparison of the total pressure losses

for the two conditions is shown in Fig. 3.10. For equivalent inlet flows,

the smaller inlet shows a one and one-half times larger loss presumably be-

cause of the higher gas inlet velocity and ensuing diffusion in the scroll.

The data accumulated are being analytically reviewed to obtain a conical

insert with proper fairing suitable for use in the Configuration II

scroll. An attempt will be made to reduce circumferential velocity varia-

tions to within plus or minus 10% of the weighed average velocity. Flow
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within 10 degrees incidence is considered acceptable.

Compressor Model Test

Compressor tests during the first part of this quarter resolved the

problem of performance fall-off at high Reynolds' number. With the model

performing as originally expected it was possible to advance with confidence

into -he studies of the effects of stage position (boundary layer thickness),

and. *3olidity changes, to determine their singular and combined effects on

compressor performance. The study showed an equilibrium boundary layer is

attained after 6 to 10 stages. Tests of solidity effects in both the

stators and rotors were initiated.

Substitution of the epoxy resin filler, for the silicone rubber filler

originally used to seal the grooves in the inner shrouds, solved the problem

of compressor performance fall-off at increased Reynolds' number. Figure 3.11

shows a comparison of the performance at two and five atmospheres for both

fillers used. At low Reynolds' number (pressure) and low load (pressure

coefficient) the effect was negligible, but it increased with increased

loading for the same Reynolds number. At the high Reynolds number the

effect was quite noticeable in the low load region and even more noticeable

as the load was increased.

Results of the tests made to determine the Reynolds effect are shown

in Fig. 3.12. This curve shows the variation in maximum efficiency with

Reynolds number for both the static and total values. A maximum total

efficiency of 89.3% was attained at five atmospheres, corresponding to a

Reynolds number of 500,000, and 89.15% at a Reynolds number of 300,000.

As a result of these tests it was decided to study the boundary layer

thickness at three atmospheres, approximately 300,000 Reynolds number,

since effects were negligible in this region. In addition a load range

from below maximum efficiency to stall was provided.

The plot of pressure-coefficient versus flow-coefficient and total

efficiency, defines the performance as measured from one to five atmospheres.

At one atmosphere the performance is sufficiently lower to distinguish it

from two atmospheres and above. However, values of pressure coefficient

against flow coefficient for two, three and five atmospheres were virtually
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identical. A band was drawn about the mean curves to represent the ex-

tremes measured.

Boundary layer thickness studies were made at three atmospheres through

a range of pressure coefficients. Using various sized spoilers upstream of

the first rotating row, radial traverses were made at the inlet and dis-

charge of the model with a cobra type probe. The cobra probe measured the

static and total pressures and the air velocity angle at each radius. It

was possible to measure these quantities to within 0.016 in. of both the

inner and outer walls. Data from the flow traverse were used to calculate

the boundary layer displacement thickness at the blade hub and tip for each

configuration tested. Equilibrium boundary layer was obtained by the use

of spoilers extending into the flow path 5/32 in. at the tip and 3/32 in.

at the hub. The boundary layer thicknesses produced were 0.150 in. at the

tip and 0.074 in. at the hub. Reproducibility of these values when measured

with the various solidities were found within plus or minus 15%.

Tests to determine the effect of solidity on overall performance were

started during this period. First tests were made with mean solidity in

both the rotor and stator. This configuration was comprised of 56 blades

in the stators and 63 blades in the rotors. Performance of this configu-

ration without spoilers produced a maximum total efficiency of 89%, and with

spoilers a value of 88.1%. With stator solidity increased to 66 blades and

the rotor solidity maintained at 63 blades, maximum total efficiency with

no spoilers was measured at 89.3%, and with spoilers at 88.3%. Figure 3.13

shows the performance plot for this combination.

The results of the solidity tests made to date indicate a slight in-

crease in performance with increased stator solidity at approximately the

same pressure coefficient. A more detailed evaluation can be made however

with the performance results from the latest solidity change tested during

this report period. This test was made with the highest solidity combination

installed in both the rotors and stators, i.e., 75 rotor blades and 66

stator blades. The data are in process of reduction.

Turbine Model Tests

During this quarter it was determined that the scatter present in the
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efficiency data was the result of faulty brake torque readings. Effort has

therefore been directed at correcting this situation by adding a Baldwin

strain gauge load cell to the torque measurement system and by checking the

effects of the flexible oil and water lines and the flow of oil and water

in these lines.

Traverses obtained at the turbine inlet, indicate a more uniform inlet

profile than is likely in the final plant design. Although a 70 swirl is

evident it is not considered sufficiently large to warrant the effort re-

quired to correct it. Cascade tests indicate that 100 incidence in the

inlet flow to the stator blade would have a negligible effect on turbine

efficiency.

Traverses were made behind the stationary and rotating blade rows.

The results of the stationary row traverses are shown in Figs. 3.14 - 3.17.

Figure 3.14 shows that reasonable axial and tangential velocity dis-

tributions have been achieved. The flow angles indicate greater blade

closure than expected; however, the overturning near the annulus walls is

expected to be present in all turbine stationary rows. The increased flow

angle at the outer portion of the blade has not been completely explained.

Figure 3.15 shows the result of the circumferential traverses indicating

clearly the wakes behind two blades at five radial positions. The wakes are

clear and well defined, indicating no evidence of separation. The traverse

near the tip indicates a higher loss region, (Fig. 3.16) which is to be

expected close to the end wall. The loss coefficient calculated from the

circumferential traverses are plotted in Fig. 3.16. These losses are the

right order of magnitude for a 90% efficient turbine.

REFERENCES

1. General Atomic Staff and Electric Boat Staff, Maritime Gas-Cooled

Reactor Program, Quarterly Progress Report for the Period Ending

September 30, 1960, General Atomic Report GA-1738.
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IV. REACTOR PHYSICS

EXPERIMENTAL PHYSICS (Tasks 13 and 22)(J. M. Stein, L. R. Amyot,

E. M. Gillette, S. H. Levine, H. A. Vieweg)

Modifications to the Design of the BORE Critical Facility

The design of the BORE fuel elements was sufficiently different from

the MGCR fuel elements to require additional modifications to the critical

assembly. Figure 4.1 shows the present BORE mockup. The fuel elements have

been rearranged to give a more homogeneous system; the reflector remains

unchanged and the horizontal safety rod and its associated mechanisms have

been added to the assembly. This system works extremely well and the

arrangement of the components does not unduly interfere with the work near

the honeycomb assembly. Four simple safety-rod position indicators have

been added to the facility which enable the position of all four safety rods

to be simultaneously shown. The output of the potentiometer on the safety-

rod drive motors is amplified by a single solid-state circuit and the

current output of the solid-state circuit is fed through a microammeter.

The solid-state circuit linearizes the output of the potentiometer so that

the meter reading is a linear measurement of the rod position. Accuracy to

within one inch can be achieved. Since these rods are either full-in or

full-out, the accuracy of one inch is sufficient. The more accurate rod

position indicators which use a servo system are now employed for the

horizontal control rod drives.

Beryllium Oxide

During this period, ten shipments of BeO were received; this brings

the amount received to 7,413 pounds which represents about 40% of the total

to be received.

Some of the blocks had black spots on the surface and others appeared

to be discolored. Eight blocks with the black spots were X-rayed, but

nothing irregular was noticed on the X-rays. A previous block from another

lot with a similar black spot on its surface was X-rayed and inspection of

the radiograph showed a wire in the block at the position of the black spot.

Samples are being taken from one of the discolored blocks for chemical

analysis at General Atomic. The remainder of this block will be returned

79
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Table 4.-1

REACTIVITY WORTHS IN BORE CRITICAL ASSEMBLY

Condition
Cold

Core Cold Water Mockup of Vertical Horizontal Reactivity
Size Clean Flooded BORE Rods Safety Rods Safety Rods Worth ( 'o)

Fuel

Fuel in 4 corner cells

Fuel in 8 cells at extremities
of vertical and horizontal
axis.

BORE Rods

(Mockup)

Safety Fuses

2 on center line

2 on center line

Vertical Saf-qty Rods

2 con center line

Full

Full

Full

Full

Full

Full

Full

Full

Full

1/2

1/2

Full.

X

X

x

x

x

x

x

X

x

x

x

x

No

No

4 Discrete

4 Discrete

No

4 Discrete

2 Discrete
2 Homogenized

Homogenized

Homogenized

Homogenized

Homogenized

2 Discrete
2 Homogenized

No

No

No

No

No

No

No

4

4

4

No

No

No

No

No

No

No

No

No

No

No

No

1.3

8. 3

36.6

38.2

5. 5

3.8
6.4

5. 3

5.2

5.8

5.8

3.1

H1 ____ I 1 1 1I - I



Table 4.1 (continued)

Condition
Cold

Cold Water

Clean Flooded
Mockup of

BORE Rods

Vertical
Safety Rods

Vertical Safety Rods (cot)

Horizontal Safety Rods

One rod at center of core

(1) 5.75 in. width

(2) 2.3 in. width

(3) 1.5 in. width

One 5.75 in. wide rod at core
reflector interface (bottom)

X

x

x

X

X

X

2 Discrete

2 Homogenized

2 Discrete

2 Homogenized

2 Discrete

2 Homogenized

2 Discrete

2 Homogenized

2 Discrete

2 Homogenized

2 Discrete

2 Homogenized

'4

2

'I-

Horizontal
Safety Rods

No

No

1

1

1

Reactivity
Worth (o)

2.8

3.3

7.4

4.3

1.6

Core
Core

Full

1/2

Full

Full

Full

Full

L L
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to the vendor for their chemical analysis. Further action will depend on

the results from these analyses.

BORE Mockup Assembly

Figure 4.2 shows the BeO blocks in the nonfuel slots of the aluminum

honeycomb assembly just before they were positioned further into the assembly.

The slots of the assembly are 6 in. high and 1 in. wide.

Reactivity Worth of BORE Critical Assembly Components

The reactivity worths of fuel channels, reactor safety fuses, vertical,

and horizontal safety rods in the BORE Critical Assembly have been evaluated

in a variety of configurations with the help of the PDQ code. In every case

the calculations have been performed on a two-group basis, however, the

reactivity worth of the BORE rods in the cold water-flooded assembly has

been checked with a four-group confirmatory evaluation.

The fuel loading was taken to be 100 kg U-235 in every problem. This

seems to be the maximum fuel loading of interest. Because the design of the

critical assembly itself was not finalized when the majority of the calcu-

lations were carried out, the actual BORE reactor composition and geometry

were used. The results of the calculations are given in Table 4.1.

An estimate of the maximum reactivity effect of fuel meltdown in the

specially designed fuel channels has been computed. An array of alternating

0,406-in. thick BeO pieces and fuel meltdown channels were assumed in the

V calculations to yield the most homogeneous arrangement possible in the

assembly. Two fuel foils, reduced from 1.62 to 1.12-in. in width, plus a

boron steel foil of similar width, were taken to be the only materials in

the fuel channel. The boron steel foil was varied from 0 to 0.020-in. in

thickness and was assumed to be composed of 1% natural boron and the re-

mainder Type 316 stainless steel.

Figure 4.3 shows the percentage change in thermal utilization between

the unmelted and melted conditions as a function of boron steel thickness.

The results indicate that if 4 of the 36 cells in the assembly consisted of

the BeO-fuel channel configuration studied, and if these cells were in

positions where their over-all worth was twice the average cell worth,
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melting of the fuel in these channels would reduce reactivity by a maximum

of 2.6%, with 20 mils of boron steel present, or a minimum of 1.2% with no

boron steel present.

The effect of fuel melt-down in the standard fuel channels has been

estimated. The calculations assumed only fuel foils present in the channels

with boron steel foils located outside the channels. The results indicate

a small but negative reactivity effect of fuel melt-down for up to 6 foils

in each fuel channel, with boron steel thicknesses up to 40 mils. No mock-

up in the assembly is expected to utilize more than 6 foils per channel.

Hazards Evaluation of BORE Critical Assembly

The activity release from the BORE Critical Assembly resulting from

various step and ramp insertions of reactivity was investigated. Under

identical conditions, the integrated power in the full core mock-up was down

a factor or two from the value obtained for the original MGCR Critical

Assembly as reported in report GA-ll00.(1) This was a direct consequence

of the lighter loadings (a maximum of about 100 kg) contemplated in the BORE

mock-up as compared with the MGCR Critical Assembly (216 kg). Furthermore,

the credibility of accidents involving release of fission products to the

atmosphere has been considerably reduced by the addition of two horizontal

safety rods and interlocks regulating the operation of all rods so that a

multiplicity of errors or instrument failures is now required before the

fuel could reach melting point. In view of these considerations, the maxi-

mum credible accident has been defined as one involving continuous with-

drawal of a safety rod and the failure of the scram system to operate. The

power excursion would be finally halted when a safety fuse fires at an

ambient temperature of 1000 C. If the period is slow enough for heat to be

transferred out of the fuel, the total power build-up will increase with the

value of the period. At a period of 1000 see, which is considered the

largest realistic value, the heat release would be 170 Mw-Sec. No fission

products would escape to the atmosphere and the accident would be limited

to the site.

It was the intent, in making the changes to accommodate the BORE

experiments, to retain all of the safety features of the original MGCR
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Critical Assembly. Thus, shutdown is possible by three separate mechanisms

in the BORE: (1) scram of safety rods, (2) functioning of nuclear fuses,

and (3) meltdown of fuel. To accomplish the latter, special fuel meltdown

channels were designed to be incorporated into the every critical experiment

because meltdown of the normal BORE fuel channels does not provide enough

of a negative effect to be considered as an effective shutdown mechanism.

The worths of these shutdown mechanisms, as computed for the most heavily

loaded critical core mockup that is contemplated are given in Table 4.2.

Table 4.2

WORTHS OF SHUTDOWN MECHANISMS

Calculated Worth (5 ak/k)
Shutdown Mechanism Half Core Full Core

Safety rods (2 in half core;
4 in full core) 3.3 2.8

Fuses (2 in half core;
4 in full core) 4.5 3.8

Meltdown channels (4 cells
out of 36) 1.2 1.0

In the BORE critical experiments there are at least four independent

shutdown mechanisms per core, since there are at least two fuses in every

half core. All four of these mechanisms must fail if there is to be a

general meltdown of the core and a release of fission products to the

atmosphere, which is the only means by which the health and safety of the

operating personnel and the general public can be jeopardized. Such a

compounding of events cannot be considered credible. The maximum credible

accident was defined as one in which the reactor went on a long period

accompanied by failure of the scram system. Such an accident, assuming a

1000-sec. period, would be shut down by the nuclear fuses reaching melting

temperature after an energy release of 170 Mw-Sec. The dose at the control

console is 9.5 rem and at Laboratory Building B, 60 mrem. Such doses are

above the maximum permissible level set by the AEC for continuous exposure,

but are below the once-in-a-lifetime limits and should not cause illness to

persons who might receive them. Accidents of shorter periods have less
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total energy release due to the fact that the fuses act more promptly and

such accidents are considered to be less severe. Large insertions of re-

activity cannot be accomplished in the BORE critical assemblies by any

credible means. If, however, a 2% step insertion is accomplished, the

functioning of one fuse and the melting of the fuel in the meltdown channels

is sufficient to prevent vaporization of the fel and subsequent release of

fission products. The maximum conceivable energy release, assuming failure

of all mechanisms, is calculated to be 2500 Mw-sec. It is concluded that

operation of the critical facility with the BORE critical experiments will

create no undue risk to the health and safety of the critical facility

operating personnel or of the general public.

The role of critical experiments in the BORE progr s is given in report

GAMD-18802)

NUCLEAR DESIGN (J. M. Stein, L. R. Amyot, A. J. Goodjohn, J. R. Seibold,

A. D. McWhirter, H. A. Vieweg)

A comparison of three proposed BORE reactor designs has been made on

the basis of reactivity and rod worth. Two of these designs were based on

a cell arrangement (i.e., rectangular and hexagonal) and the third on a

slab geometry. The results are given in Tables 4.3 and 4.4. The control

rod arrangements for these designs are shown in Figs. 4.4, 4.5, and 4.6.

The effect of a center hole equivalent in size to a nine fuel-element

module in the rectangular design was evaluated. It is seen that the rod

patterns suggested for the slab and rectangular designs are roughly equi-

valent. The hexagonal arrangement, however, would be much less flexible

in rod placement and the available shutdown margin would probably be smaller.

Multigroup calculations were run with the ZOOM code for the conceptual

design BORE core configuration and fuel loading. The first was a case in

which water flooding was taken into account, using the same U-235 resonance

constants as were used for the hot-clean calculation reported in the pre-

vious quarterly period 3). The cigenvalue for this case was 1.364, repre-

senting an 8.2% increase because of water flooding and decrease of temperature

to 68 F. Two more cases were run in which the resonance group constants were

taken from the results of a MONTE CARLO calculation described in a later
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L.. 4.4--BORE-Rectangular Configuration 36 Fuel Elements
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Fig. 4-.5--BORE-Slab Configuration-36 Fuel Elements
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CONTROL ROD

Fig. 4.6--BORE-Hexagonal Configuration-37 Fuel Elements



Table 4. 3

REACTIVITY IN VARIOUS CONFIGURATIONS

GEOMETRY

Rectangular or slab

Rectangular

Rectangular

or

or

slab

slab

Rectangular or slab

Rectangular or slab

Rectangular or slab

Rectangular or slab

Slab

Slab

Rectangular or slab

Hexagonal

Hexagonal

ENVIRONMENT CORE LENGTH CENTER HOLE CONTROL RODS
i i4- i i

Cold clean

Cold

Cold

clean

clean

Water-flooded

Water-flooded

Water-flooded

Water-flooded

Water-flooded

Water-flooded

Water-flooded

Water-flooded

Water-flooded.

Full
(76

Full

Half
(38

Full

Full

Full

Full

Full

Full

Half

Full

Full

core
in. )

core

corgi
in. )

core

core

core

core

core

core

core

core

core

No

Yoe u

No

No

Yes

Water-filled

Water-filled

Water-filled

No

No

Water-filled

Water-filled

No

NO

No

No

4 corner rods

rods

rods

No

No

i8 round rods

Kff

-.088

o.88,

i.008

-. 317

1.138

1.041

0.878

0.695

1.006

1.263

1.061

0.795

1 1 ! f 1
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Table 44

ROD WORTH IN FULL-LENGTH (,6 IN.) CORE

6k/k

Cold Dry
Water-flooded Hot-clean

1. Rectangular Design

a. Four corner rods (O.15)* 0.148

b. Center rod (o.i0) O.l04

c. All five rods 0.321 0.320

d. Four corner rods 0.219
Flooded center hole

2. Hexagonal Design

a. Ring of circular rods (0.20)
18 - 2-in. dia. 6 shafts

b. Sane with water-filled hole 0. 33)4

3. Slab Design

}.Four corner rods i0.15)

b. Two central rods

c. All six rods 0. 309

d. All six rods, flooded hole ;.541

e. Four corner rods, flooded 0.219
center hole

*Values estimated from related calculations..
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section of this report. These constants are believed to be more correct

than the ones previously used in that they take into account detailed self-

shielding effects and the shadowing of the U-235 and U-238 resonance peaks

due to their occurrence at or near the same energies. The results of these

two calculations are k = 1.198 for the hot-clean case, and k = 1.313

for the water-flooded case, representing a 9.6% increase as a result of

water flooding and a decrease in temperature.

Cell calculations for thermal and resonance energy ranges, using the

PSN code and a MONTE CARLO code, respectively, for the BORE conceptual

design core were completed this period. The effective resonance fission

cross section for U-235, derived from the MONTE CARLO code, is nearly the

game as that used in the simpler calculations previously employed, but the

capture cross section was appreciably higher than originally estimated,

resulting in a lower effective eta value for U-235 and a higher total

resonance absorption.

The energy range covered by the MONTE CARLO cell calculation was 0.68

ev to 61.4 ev. The lower value was chosen to match a group boundary in the

DSN thermal cell calculation, below the large peaked resonances in the U-235

cross section, but above the energy where upscattering becomes important.

The upper limit was chosen to be just above the last U-235 resonances for

which parameters have been tabulated. The calculation essentially followed

the history of each inserted neutron through the complete energy range

specified. The results consisted of a record of the number of neutron

histories, the number of neutrons absorbed in each region in specified

intervals and, for these energy intervals, the volume integral of the flux

in each region.

No comparisons with simpler analytical techniques have been made for

the resonance energy range used in the MONTE CARLO calculation. Group cross

sections for each material were calculated from the output and used in a DSN

reactor calculation. A comparison between parameters calculated by DSN and

MONTE CARLO was made in the overlapping energy interval 0.68 to 1.0 ev.

This comparison is given in Table 4.5.

The results of the work on the combined multigroup transport (DSN) and

MONTE CARLO calculations of the BORE core are reported in GAMD-1907 4 .



Table 4.5

COMPARISON OF DSN AND MONTE CARLO CELL CALCULATIONS*

PARAMETER DSN MONTE CARLO

Ea(25) 0.01859 0.01853

V f(25) 0.03953 0.03962

Ea(1/v) 0.002815 0.003186

a(total) 0.02140 0.02172

K KD 0.675 0.705

*Energy Range 0.68 to 1.0 ev

A DSN criticality calculation was run to compare with results of the

ZOOM code. Constants for 14 thermal groups were compiled from the DSN cell

calculation results. The MONTE CARLO cell calculation results were reduced

to obtain constants for seven resonance groups. Constants for the four fast

groups used in the DSN calculation of the equivalent homogeneous core were

obtained analytically.

The k calculation was performed in one-dimensional cylindrical geometry

for a core radius of 33.01 cm and a reactor radius of 50.79 cm. The results

of the calculation are tabulated in Tables 4.6 and 4.7. The calculated

reactivity value was k = 1.181. This value lies between the value of

1.088 calculated in a preliminary survey by simpler analytical techniques

and a value of 1.198 calculated using the one-dimensional ZOOM code. The

former calculation was known to underestimate the epithermal fissions and

the analytical treatment has been modified to account for this effect. The

ZOOM calculation was for the hot-clean reactor and so is not directly com-

parable with the result reported here which was a cold-clean calculation.

Both the ZOOM and the DSN calculation used the MONTE CARLO results for a

compilation of epithermal cross sections.

Heterogeneities

Comparisons have been made of several analytical techniques for homo-



Table 4.6

NEUTRON BALANCE PROPERTIES FOR BORE(1)

1 1 T 7 r

Energy Limits (E))

(ev) F

107-1.8$3x105

-2.48x1O4

-3. 36x103

-583

-61.x4

-38.8

-34.8

-23.25

-20.0

-8.0

-5.65

-2.15

-1.0

-o.68

-0.00215

1. 222x10-6

1.228x10 4

7. 937x10~

4. 433xl0- 3

2. 513x0-2

8.892x10-2

9.505x10~ 2

1.101x10~ 1

1.550x10-1

2. 379x10~ 1

3.081x10_ 1

7. 324x10- 1

1.581

2.526

10.125

U-235

0.00688

0.06925

0.03708

0.09773

0.13957

0.02627

0.00469

0.01946

0.00425

0. 04539

0.00742

0.01924

0.03033

0.01505

0.24069

Absorptions in Core

Group Other(2)U-238

o.00108

0

0.00206

0.00007

0.02668

0.00787

0.00722

0

0.00425

0

0.00967

0

0.00015

o.oooo8

0.00077

Total

-0.02935

0.06926

0.03926

0.10213

o.16629

0.03514

0.01206

0.02017

0.01135

0. 04785

0.01781

0.02391

0.03527

0.01778

0.26688

Fissions

0.00744 (4)

0.01971

0.02636

0.04016

o. 09444

0.01036

0.00238

0.00783

0.00161

0.01881

0.00220

0.01210

o.01878

0.01296

0.20246

Absorption
in Reflector

-0.00319(3)

0

0

0

0

0

0

0

0

0

0

0

0

0

.00362

Interface
Leakage-

0.07582

o.08065

0.04o47

0.02109

0.01822

-0. 00064

-o.oooho

0.00070

0.00139

-0.00279

-0.00093

-0.00079

o.01162

-0.00152

-0.07871

Reflector o
Average
Flux TR(E)

2.665x10~

1.931x10-5

1.709x10 4

1.222x10-3

8. 575x10-3

3. 974x102

4.779x10-2

4. 567xl0-2

5.711x10 -

1. 420x101

2. 001x10 1

4. 868x1o1

3. 332x10- 1

1.262

25. 427
SI___

(1) Normalized to one fission neutron.

(2) Other absorptions refer to 1/v materials except in Group 1 where Ea(l/v) = 0.

(3) Negative absorption in Group 1 in core and reflector due to Be9(n,2n),(n,a) and 016(n,a)
reactions.

(4) Total fissions in Group 1 due to U-235 (.00636) and U-238 (.00108).

(5) Absorptions in this group in this column refer to Mo9 5 resonance Ea(28) = 0 for this Group 6.

.03731(3)

0.00001

0.00012

0.00007

o. 00004

)00100

0.00015

0.00071

0.00027

0.00246

0.00072

0.000467

o.00479

0.00265

0.02542

1

2

3
4

5

e

7

8

9

10

11

12

13

14

15-26

mmmmmmm

- - ---
i 

1

" l l



Table 4.6 (Continued)

Energy Limits Scattering in Core Scattering in Reflector Reactor
Group ev Into Group Out of Group Into Group Out of Group Leakage

1 107-1.83x105 0 0.95353 0 0.07416 0.00484

2 -2.48x104 0.95353 0.80362 0.07416 0.15116 0.00365

3 -3.36x103 0.80362 0.72389 0.15116 0.18612 0.00551

4 -583 0.72389 o.60067 0.18612 0.20053 0.00668

5 -61.4 o.60067 o.41616 0.20053 0.20699 0.01176

6 -38.8 o.41616 0.38166 0.20699 0.20384 0.00251

7 -34.8 0.21240 0.20074 0.10476 0.10380 0.00056

8 -23.25 0.37000 0.34914 0.19802 0.19711 0.00161

9 -20.0 0.26403 0.25129 0.09796 0.09876 0.00059

10 -8.0 0.33639 0.29133 0.20278 0.19434 0.00565

11 -5.65 0.27848 0.26161 0.18762 0.18504 0.00165

12 -2.15 0.27445 0.25133 0.19176 0.18438 0.00659

13 -1.0 0.25684 0.20995 0.18438 0.19425 0.00174

14 -0.68 0.19838 0.18212 0.16913 0.16594 0.00173

15--26 -0.00215 0.19317 0.00500 0.19109 0.00005 0.10871
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Table 4.7

RESULTS OF THE k CALCULATION

k =

Median

Radial

1.181 cold clean

fission energy = 3.5 ev

power peak to average:

Center of core = 1.18

Interface = 1.20

TOTAL NEUTRON BALANCE PER FISSION NEUTRON

Absorptions and Leakage Production

U-235 0.76327 Fission 1.00000

U-238 0.05887 BeO [(fl,2fl)Be1
Core Mo-95 0.00787 (na)Be -(n,a) core 0.03731

1/v materials 0.04315 BeO[(n,2n)Bea

Reflector BeO 0.00362

Leakge .1672 n'a)Be-(n'a)0 refl 0. 00319Leakage 0.1672 T _.____

Total 1.04050 Total 1.04050
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genizing a 19-rod. bundle in a shroud cell. The comparison was made between

calculated values of the disadvantage factor.

The cell consisted of a 19-rod bundle of 0.375-1n. 0.1. rods clad with

0.030-in. thick Hastelloy X. The center rod of the bundle was unfueled,

containing only BeOC A 0.020-in. thick Inconel shroud surrounded the fuel

bundle. In all but two of the methods employed, the cell was reduced to

three regions: (1) a homogeneous fuel region internal to the shroud, (2)

the shroud itself, and (3) an external moderator region. In calculations

made with the DSN code and directly related calculations with the S8 code,

the center rod and its cladding were represented by separate regions, sur-

rounded by a homogenized region consisting of the 18 fueled rods, then

the same shroud and moderator regions. In all but the DSN calculations,

the source of neutrons was assumed to be spatially invariant and proportional

to the BeO content of the regions.

Three variations of a combination modified diffusion-theory, transport.

theory treatment were employed. In the first, the same technique as used

in past survey calculations was applied in which the shroud was ignored as

far as its effect on the self-shielding and flux depression factors for the

fuel region was concerned. The source from neutrons slowing down in the

diluent in the fuel region was also ignored. A second calculation was made

in which the shroud was accounted for by treating its effect on the neutron

currents entering and leaving the fuel and moderator regions in the form of

attenuation and albedo factors for a thin slab of the thickness and com-

position of the shroud. A third series of calculations extended the above

analytical technique to account for the source in the fuel region. S8

calculations of this complete model constituted a fourth series of results.

The DSN calculation was not made explicitly for this comparison but

was an over-all multigroup calculation of the thermal region for a particular

BORE core loading. Five groups were selected from the DSN results and the

other calculation methods were made consistent on the basis of cross sections

and cell dimensions. The results are given in Table 4.8.

The comparisons indicate the marked effect of ignoring the source from

the fuel diluent, particularly in the higher energy groups. The effect of
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the high scattering in the shroud contributing to the effectiveness of the

fuel is also significant, particularly in the higher 'energy groups. The

comparisons lend confidence to the use of the more complete hand analytical

techniques instead of the S8 and DSN codes.

Heterogeneities, Spectrum, and Resonance Absorption

The BIG code, mentioned in the previous quarterly report 2), was debugged

during this period but modifications in the self-shielding and flux depression

treatments were immediately deemed necessary before significant results from

the program could be obtained. A more general analytical treatment of homo-

genization of a unit cell was therefore programmed to accommodate either the

19-rod bundle element or an annular fuel element design. Refinements in the

treatment were added to account for the source of neutrons resulting from

slowing down in the fuel diluent. An option will later be provided to utilize

a rigorous transport solution for very narrow groups in which all scattering

collisions result in loss of neutrons from the group. Debugging of the

program was nearly complete at the end of this period, and initial results

are expected early in the next quarter.

Resonance Absorption in U-235

The calculations for BORE require an adequate knowledge of the U-235

resonance cross sections, particularly if a multigroup treatment is required

to obtain an adequate description of the epithermal range. Difficulty is

encountered, however, in attempting to fit the standard single-level Breit-

Wigner resonance formulation to the experimentally determined fission and

absorption cross sections. For lack of a better formulation, the single

level description has been applied and the resulting cross sectionhave been

used in the multigroup calculations. It now appears that such a treatment

underestimates the fission cross section between the resonance peaks due to

the neglect of possible constructive interference. Such a difficulty was

encountered in the MONTE CARLO calculation reported here. To alleviate

these discrepancies, a program has been initiated to investigate these

effects more fully.

As an interim measure, it has been decided that the latest available

data on the fission cross section as plotted in BNL-325(5), Supplement No. 1,



Table 4.8

COMPARISON OF RECIPROCAL OF DISADVANTAGE FACTOR FOR VARIOUS TECHNIQUES

RECIPROCAL OF DISADVANTAGE FACTOR

Analytical Treatment 19-Rods Homogenized
Inside Shroud

No source in fuel
region, flat source
in moderator

Shroud
Ignored

Shroud
Included

Complete-

shroud included,
flat source in fuel
and moderator regions

Calculations with S8 Code

Using Flat Source in Fuel
and Moderator Regions

19 rods
homogenized

inside
shroud

Center rod
and cladding
represented

explicitly
18 fuel rods
homogenized

Calculation
using DSN

code

0.68 - o.46 0.482 0.479 0.649 0.637 0.643 0.606

5 0.32 - 0.22 0.305 0.301 0.400 0.387 0.392 0.353

7 0.15 - 0.10 0.276 0.272 0-337 0.326 0.312 0.295

9 0.068 - 0.046 0.195 0.193 0.223 0.212 0.214 0.202

11 0.032 - 0.022 0.138 0.137 0.15, 0.142 0.145 0.140

0

Group
Energy

Range - Ev
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Second Edition, will be used in this energy range for the interference

effects. The actual experimentally determined values have been obtained and

have been plotted in more detail. The remaining cross sections, i.e., a,

ca, and as will be derived from the Breit-Wigner formulation and 
adjusted

to match the known values. A report covering this work will be issued

during the next quarter.

Biological Shielding

A re-evaluation of shielding requirements for the BORE reactor has been

performed using modified (n,?') cross sections for iron and recent source

data obtained from a multigroup diffusion code. All results are based on

the 50 Mw HRTE core and the large pressure vessel.

Biological shield thicknesses were calculated on the above basis for a

plant arrangement in which the entire reactor and machinery compartment are

situated below floor level. The following nominal thicknesses are applicable.

1. In regions where the reactor pit is surrounded by earth, the

thickness of shielding will be governed by structural requirements

provided a minimum thickness is maintained to hold activation of

the surrounding soil to levels permissible at the site area.

2. The shield wall between the vessel head storage area and reactor

pit must have a minimum thickness of 6.5 ft to hold the dose rate

to 7.5 mr/hr,

3. The thickness of the shield wall adjacent to the fuel storage pits

must have a minimum thickness of 6.3 ft if the reactor is ever to

be operated with the pit empty. By restricting operation of the

reactor to those periods when the pit is filled with water, the

thickness can be reduced to 3.8 ft.

The reactor shield adjacent to the machinery compartment will reduce

the dose rate from core radiation to a level which could exist in

the machinery compartment due to loop contamination and fission

product leakage. Based on early loop source data, the thickness of

shield wall in this area must be 4.5 ft.

. The upper concrete slab covering the reactor pit must be 8-ft thick

in order to reduce the dose rate to 7.5 mr/hr on the core vertical

centerline.
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6. The machinery compartment Is situated below floor level and therefore

the wall thickness will be governed on all sides, except the top and

reactor side, by structural requirements. Based on previous esti-"

mates of fission product leakage (5% of gaseous and volatile fission

from five fuel elements) the upper shield thickness must be 2.8 ft

to reduce the dose rate to 7.5 mr/hr. Since access to the top of

the compartment is not required on a continuous basis, other means

are being studied to eliminate the need for heavy covers which are

difficult to handle.

All the above shielding requirements are based on ordinary portland

cement type concrete having a density of 2.35 gm/cc. Any reduction of thick-

ness in regions of limited space can be accomplished by using a higher density

material with equivalent shielding properties.

Work is in progress to establish new equilibrium source levels in the

primary loop. These new data will be the result of a more complete compilation

of volatile and gaseous fission products which would be expected under operat-

ing temperatures and pressures of the system.

Investigations are also in progress to confirm that shielding thicknesses

necessary during operating conditions will also be satisfactory to allow

necessary access to specified areas after shutdown. Auxiliary shielding may

prove necessary, however, in certain regions of the reactor pit and machinery

compartment.

Radiation Heating

Figures 1.3 and 4.'( show the radiation heating rates in the pressure

,essel and concrete shield, respectively, at the core horizontal centerline.

Figures 1.4 and 4.8 show the variation of heating rates with position on

vessel and reactor pit wall, respectively, normalized to the heating rate at

the horizontal core centerline.

The major components contributing to the heat generation rate are the

primary and fission product gammas originating in the core. These relatively

lower energy gammas (~ 1 Mev) have energy absorption coefficients on the same

order of magnitude as the secondary gammas originating from neutron capture

.n the BeO and Fe of 6.8 and 7.6 Mev respectively.
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A rough calculation indicated that heating of the vessel head due to

gammas scattered from the walls of the upper plenum cavity was less than 10%

of the total heating rate in the head.

Radiation Effects

Figure 4.9 represents a flux plot of the thermal, total fast and above

1 Mev flux as a function of position in thermal shield and pressure vessel.

These fluxes are the result of a multigroup diffusion calculation and can be

used directly for purposes of estimating radiation damage effects in these

regions.

A preliminary and very conservative estimate of the flux level in the

control rod drives are given in Table 4.9. Fast flux above 1 Mev is appli-

cable when considering radiation damage to steel. Effects on lubricating

oils and insulation must include all energy neutrons and gammas.

Examination of several critical items in the control rod drive mechanism

yielded minimum life expectancies ranging from 500 to 1000 years.

Activation Analysis

A preliminary study of the activation induced in the turbomachinery due

to neutron streaming in the main coolant duct has been completed. Table 4.10

shows the dose rate 3 ft from the most activated component if it were composed

entirely of any one of the following elements: Cr, Mn, Fe, Co or Ni. Cases I

and II (Table 4.10) refer respectively, to a straight 40-ft duct, and a 64-ft

duct containing one 90 degree bend. Table 4.10 refers to the 50 Mw HRTE core.

Equilibrium concentrations were assumed for all radioactive isotopes

except Co60 whose concentration is based on 5 yrs operation.

The summation of the products of the dose rate in Table 4.10 and the

fraction of the element present will yield the over-all dose rate received

3 ft from the port.

Dose rate due to gamma streaming in the Case II duct has been calculated.

Results show a maximum of 33.7 mr/hr at the opening adjacent to the turbo-

machinery 24 hrs after shutdown.

Previous head activation data for the BORE system with the small vessel

have been revised to obtain a rough estimate of the head activation in the
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Table 4.9

FLUX LEVEL IN ROD DRIVES

Upper Particles/cm sec

Plenum Flange 75 In. Above 95 In. Above
Cavity Area Flange Flange

Neutron flux above 11 8
1 Mev 0.37x10 1 .00x10 0.57x107  0.40x107

Thermal neutron 11 8
flux 0.07x10 0.18x10 0.11x10 0.07x10

7
Total neutron flux 1.96x101 1  525108 3.00x107  2.10x10

Gamma flux ( 1.5 12 9 1 8 8Me) fl.19x10 3.20x10 l.80x108  i.30x10

Total neutron and18
gamma flux 1.3x10 3.73xl0 2.10x10 8.5x10

Table 4.10

DOSE RATE DUE TO TURBINE ACTIVATION

CASE I CASE II

ELEMENT T 1/2 r/h r/h
Cr 28d 1.8 0.02

Mn 2.6 hr 1706 1.870

Fe 46d 2.4 0.005

Co 5.3y 2440 2.67

Ni 2.6 hr 6.9 0.01
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BORE-HRTE system utilizing a full-size pressure vessel.

The following dose rates were calculated at the head surface and are

valid only for periods in excess of 1 day after shutdown.

50 Mw HRTE Core - 1.13 r/hr

10 Mw BORE Core - 0.76 r/hr

Auxiliary Shielding

For purposes of determining procedures involving handling and shipping

spent fuel elements, an estimate was made of the depth of water required for

biological shielding at various periods after shutdown. Results of this

estimate are shown in Fig. 4.10.

Storage of BORE Fuel Elements Under Water

Calculations were made with the PDQ code to determine the reactivity of

an infinite array of BORE fuel elements under water at various center-to-

center spacings. The constants used for the fuel elements were determined

from multigroup studies with the ZOOM code on the 19-rod bundle fuel element.

These constants were used because they were readily available, and they are

only slightly different than those for the annular ring of fuel rods. In

addition, the effect of water flooding on the 19-rod bundle fuel element is

believed to be greater than that on the annular ring. The results of these

calculations are illustrated in Fig. 4.11.

The spacing of the fuel elements in the fuel storage pit was determined

to be ten inches center-to-center. This gives an infinite array of fuel

elements a reactivity of 0.5. A nuclear specification was written in this

quarter which covers this spacing requirements. It is stated in the specifi-

cation that this spacing requirement is to be extended to cover the HRTE fuel

elements, which, as presently conceived, will be less reactive than the BORE

elements. Should test elements or other elements whose reactivity is greater

than the BORE fuel elements be stored in the storage pit, they will be lagged

with some neutron absorbing material to reduce their reactivity.
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V. MATERIALS DEVELOPMENT (D. E. Johnson)

FUEL MATERIALS DEVELOPMENT (TASK 4) (J. F. Quirk, F. H. Lofftus, J. Fourth,
N. Baker, K. Powell)

The objectives of this task are (1) to develop methods for the eco-

nomical fabrication of fuel bodies for use in the MGCR and (2) to develop

fuel bodies that will exhibit superior performance during reactor irradia-

tion.

Emphasis during the quarter was on development and fabrication of

ceramic fuel cores for irradiation capsule MGCR-4 and MGCR-HDR-3, the 19-

rod heterogeneous fuel element. Fuel specimens for MGCR-HDR-3 were com-

pleted, and development of coarse-grained fuel bodies is being continued

to implement the MGCR-4 irradiation. The fuel-matrix composition being

investigated is 70 v/o BeO - 30 v/o UO2. The determination of the effect

of oxide flux additives and of the fuel lump size on the behavior of the

fuel pellets during high temperature irradiation is one of the objectives

of these irradiation experiments.

Typical fabrication data on the finely dispersed fuel cores made for

the MGCR-4 experiment are given in Table 5.1. The range of bulk densities

obtained, 94 to 99 percent of theoretical, is considered suitable for this

experiment.

Experiments were made to define process and fabrication controls needed

for pilot-scale production of ceramic fuel cores. Compaction trials on the

70 v/o BeO - 30 v/o U02 reference composition indicated the need for con-

trolling moisture content (* 0.5 w/o) of the press feed granules and com-

pacting pressure ( 500 psi) in the range of 3000 to 10,000 psi. These

variables are interdependent, and the best combination for rapid production

is being sought. In addition, experiments made on the f!'el composition

slurry indicated that water removal by filtration was much faster (about

0.3 grams of solid residue obtained per minute per square inch of filter

surface) than evaporation drying. Specification of process equipment will

be guided by the results of these tests.
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Table 5.1

FABRICATION OF FIEELY DISPERSED 70 V( BeO--30 V/o Uo21l
FUEL CORES FOR MGCR-4

Flux Additive
Compound Added Residual

Oxide, w/o
+ t

None

None

Ca(N0
3 )2

Ca(N0
3 )2

Mg(N03)2-

420

20

6H20

1.0 CaO

1.0 Cap;

1.0 MgO

Compaction
Pressure, psi

3,000

l0,O00(3)

3,000

10,000

g/cn9

2.89

2.27

2.89

2.38

3.42

A v e r a g e B u lk Dens i t y
As Compacted Sintered

7o Theoretical

53.5
42.0

53.5

44.1

6o .o

g/cm

5.26

5.31

5.10

5.14

5.35

97.4

98.3
94.4

95.2

99.0

__ _ _ __ _ _ __ .I L..__ _ _ __ _ _

(1) The UO2 used was 12% enriched with 5 02.

(2) Batches were ball-milled as aqueous slurry with 1/2 w/o paraffin binder,
compacted in steel die at indicated pressure, and sintered 2 hrs. at

16500C in H2-75% N2 .

(3) Compacted isostatically after pre-pressing in steel die at 3000 psi.

1I

5 Theoretical
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HANFORD LOOP TEST ELEMENT PROGRAM (TASK 20) (J. F. Quirk, W. L. Wyman,
F. H. Lofftus, W. H. Ellis, R. E. Fortier, J. Furth, N. Baker, K. PoWeIV

Fabrication of ceramic fuel cores for irradiation experiment MGCR-

HDR-3 was completed. The composition, density, and enrichment of cores

made for the irradiation, element II, and for the preliminary encapsulation

tests on elements TC and I, are given in Table 5.3 During the fabrication

trials, microscopic examination, control of batch moisture content, grading

of press feed granules, and density determinations were found necessary

for control of the pressing operation to produce sound sintered compacts

with uniform firing shrinkage.

Loss-on-ignition tests were made on fuel cores fabricated for the

irradiation experiment in order to assess the possibility of gas generation

during heating of the encapsulated specimens. Weight losses after heating

to 1500 F in hydrogen were less than 0.02 w/o for all the specimens tested.

A test fuel element based on the design concept for the BORE was

fabricated for irradiation in the Hanford DR-l Gas Loop. The element

consisted of a 19-rod bundle fifteen inches in length. Each of the rods

was clad with 0.010-in. thick Hastelloy-X tubing. The eighteen outer rods

contain fuel pellets with the compositions described in Table 5.2 for

element II.

The Hastelloy-X tubing used for this element was inspected by the

ultrasonic method which assures that defects of the order of 0.001 in. or

greater can be detected. Following inspection the tubing was placed in a

special resistance projection welding unit and the spacer ribs were attach-

ed. Upon completion of the rib attachment the tubes were loaded with

pellets and the end fittings were welded. After attachment of the end

fittings the fuel rod was tested by helium leak testing, radiography, and

dimensional inspection. After inspection was completed the rods were

cycled between 500F and 15000F for five cycles. The rods were then again

helium leak tested and dimensional inspection was repeated. The rods were

creep shrunk or used as assembled.

In the Hanford element, MGCR-HDR-3, four of the rods were creep shrunk.

After assembly into a finished 19-rod fuel element bundle the element was

cycled five times between 5000F and 1500 F. Following thermal cycling the



CERAMIC FUEL CORES

Table 5.2

FOR MGCR-UDR-3 TEST ELEMENTS

Flu(i) Average Bulk Density, Averae WeightTest Number Oxide Flux Percent of Theoretical of U2 3 5 per Rod
Element of Rods Additive, w/o

Pressed Sintered( 2 )

(3) 5 None 50 88 Normal

I 10 1.0 MgO 53 94.7 2.36
8 1.63 CaO 43 92.4 2.30

U 6 1.0 MgO 56 94.1 2.33
6 1.0 CaO 55 95.8 2.35
6 None 46 97.2 2.40

(1) Composition was 70 v/o BeO--30 v/o UO enriched to 3.7 w/o U235o

some with 1.0 or 1.63 w/o oxide flux additive as indicated.

(2) Cores were sintered 2 hours at 16500C in N2 -25% 12.

(3) Rods were made for thermal cycling tests only.

H-
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bundle was disassembled and reinspected. The element was then reassembled

and shipped to Hanford on December 1 as scheduled.

REACTOR MATERIALS IRRADIATION (TASK 23) (M. J. Tobin, B. Czech,
D. Guggisberg)

The objective of this task is to provide data on the behavior of fuel

materials that are of interest to the MGCR program.

Three capsules were fabricated by Battelle Memorial Institute for this

task under the terms of a previous subcontract. Each capsule contained

two specimens of each of the following materials: (1) 80 v/o BeO- 20 v/o

UO2 , (2) 80 v/o graphite -- 20 v/o UC, and (3) 80 v/o graphite - 20 v/o

UC2. Each specimen consisted of four pellets of one of the above combi-

nations of materials clad in stainless steel. The irradiation of the

capsules in the MTR began on July 26, 1959. One capsule (MTR-31-3) was

discharged from the MTR on May 31, 1960.

Estimates of the peak burnup in the BeO-UO2 fuel pellets were made

based on a heat transfer analysis of the capsule and on the results of

gamma spectrometry analysis of the nickel-0.58% cobalt monitor wires. The

results of these estimates are presented in Table 5.3. In addition, the

UO2 was dissolved from one pellet and an aliquot of the solution is being

analyzed to determine the isotope content of the fuel. These data will be

reported during the next quarter.

The crushing strength of selected BeO-U0 2 pellets from the MTR-31-3

capsule was determined. These data are noted in Table 5.4 together with

crushing strength data for unirradiated pellets. The data appear to

indicate that a decrease in the crushing strength of up to one-third may

have occurred as a result of irradiation.

Metallographic examination of an irradiated BeO-19.1 v/o U0 2 pellet

revealed the presence of a layer of semitransparent BeO adjacent to the

UO2 grains. Some indication of the formation of minute bubbles in this

semitransparent layer of BeO was observed. A clearly defined grain

structure was present in the BeO immediately adjacent to the fuel particles

as well as throughout the BeO matrix.

During the disassembly of the MTR-31-3 capsule in the General Atomic

Hot Cell Facility the fission gases were collected from each clad fuel
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Table 5.3

FUEL BURtNUP DATA FOR BeO-UO FUEL PELLETS, FROM
MTR-31-3 IRRADIATION CAPSULE

Fissions/ Fissions/
Basis for Burnup Cm 3 of Cm3 of Mwd U235

Calculations Uo2 20 pelleg0  Ton U Fissioned nvt Thermal
(x 10-) (x 10- ) (x 103) (/). (x 10-20)

Heat transfer
calculations 10.2 1.94 37.7 14.5 2.78

Monitor wire
data 12.5 2.38 46.3 17.8 3.42

Note: Integrated
content of
at 1 Mev.

fast flux exposure estimated from the Co58 l

the nickel-cobalt monitor wire was 7.1 x 1019 nvt

Average pellet temperature during irradiation was estimated
to be 2300 to 2400 F.
Fuel Composition: 80 v/o BeO - 20 v/o U02 , 30.2% enriched
calculated U2 3 5 burnup.

Table 5.4

CRUSHING STRENGTH OF BeO-UO FUEL PELLETS
FROM CAPSULE MNBER- M-31-3

Unirradiated Pellets ( 2 x 10I adiatedPel l

93,800 psi 91,500 psi

86,500 psi 58,600 psi

78,500 psi 55,400 psi

86,300 psi (average) 68,500 psi (average)
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specimen. The results of the radiochemical analysis of the samples was

reported last quarterly) in terms of microcuries. An, attempt was made

this quarter to reduce these data to terms of percent fission gas release.

The results indicated that a remarkably small amount of the Kr-8 5 that was

formed during irradiation had been released. As a result of this finding

and a careful review of the procedures used in the collection and analysis,

it has been concluded that the previously reported data(1) are not correct.

The techniques and procedures have been improved and these improved methods

will be used to obtain data from subsequent capsules.

The hot cell examination of the MTR-31-2 fuel irradiation capsule was

initiated during the quarter. This capsule was also inserted into the MTR

on July 26, 1959, and was discharged from the reactor on September 12, 1960

after the equivalent of 297 full-power reactor days of irradiation. A

preliminary analysis of the nickel-0.58 % cobalt monitor wire indicates
that a peak burnup of approximately 3.0 x 1020 fissions/cm3 (70,000 ---

Ton U
26.8 % U> fissioned) was obtained. In addition a peak fast neutron

flux of approximately 6.6 x 1020 nvt> 1 Mev was indicated from a Co58
analysis. The estimated burnup limits, based on heat transfer calculations,

are 2.45 to 3.1 x 1020 fission/cm3 pellet. The capsule was punctured and

2.2 microcuries of Kr85 were collected. No leaks were detected in the six

individually clad fuel pins when immersed in hot oil and observed for

bubble formation. Sections of the Type 316 stainless steel inner and outer

cladding are being prepared for metallographic examination for irradiation

damage. Gas has also been collected from the individual fuel pins but the

analyses are not yet available. More detailed data on the examination of

the MTR-31-2 fuel irradiation capsule will be reported next quarter.

DEVELOPMENT OF NON-FUEL MATERIALS FOR THE REACTOR (TASK 24)

BeO Irradiations (D. E. Johnson, M. J. Tobin, B. Czech, D. Guggisberg)

The objective of this task is to provide data on the effect of reactor

irradiation on beryllia.

As reported in the last quarterly progress report(1), the irradiation

of the MGCR-1 BeO irradiation capsule in the GETR began on September 3.

The irradiation of this capsule during the present quarter has continued

uneventfully.
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The MGCR-l control pellets (unirradiated) have been examined metar '

graphically and placed in cladding. After electron beam welding, they

will be thermally treated in a manner similar to that of the pellets exposed

in the GETR core. After the conclusion of the thermal treatment, the BeO

pellets will be examined and the observations will be compared with the

observations made for the irradiated pellets. It is hoped that at least

a partial separation of thermal effects from irradiation effects can be

determined by this method.

Creep- and Stress-rupture Testing of Fuel Element Cladding Materials
(A. Weinberg, R. Wallace, R. Coburn)

The short time creep-rupture properties of Hastelloy-X are being

determined over the temperature range of 1200-2100 F. These tests are

being performed to provide data for use in the evaluation of the behavior

of Hastelloy-X clad fuel elements in the event of a loss-of-coolant

accident. All of the tests have been conducted in a pure helium environ-

ment (less than 10 ppm impurities). The results obtained to date are

presented in Table 5.6. Tests above 1800 F were conducted on Riehle creep

machines, while those at lower temperatures were conducted on Arcweld

units. This change in equipment necessitated the use of 1-in. gage length

specimens at the higher temperatures in contrast to the 2-in. gage lengths

previously employed. The use of a shorter gage length apparently gives

larger elongations since nonuniform elongation makes a larger (percent)

contribution to the total elongation which is the measured quantity. For

this reason it is believed that reduction of area or uniform elongation

will serve as a better guide to the relative ductility of specimens having

different gage lengths. To evaluate the correspondence of tests on the

Riehle machines to those conducted previously, and especially to illustrate

the apparent difference in ductility (total elongation), a specimen having

a 1-in. gage length was tested in a Riehle machine at 18000F and a 9200 psi

strees was applied. This was the same stress applied to a specimen at

the same temperature in an Arcweld machine. The results are compared in

Table 5.5.

Log stress-log time relationships are presented in Fig. 5.1 for the

temperatures studied. The slopes of these lines increase with increasing

temperature in the range 1200-16000F. This trend is reversed between 1600
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and 1700F due to the onset r=;rystallization as evidenced by metallo-

graphic examination and hardness measurements. Between 1800-200 0 F the

slope again increases with temperature; but at 21000F the trend is again

reversed for a presently unknown reason. The stress for rupture in one

hour s a function of temperature is presented in Fig. 5.2.

Table 5.5

COMPARISON OF SPECIMENS TESTED ON
IEZHLE AND ARCWELD MACHINES

Specimen
Rupture

Life

(mm)

66

E

L
21-7

Machine

Arcweid

R iehle

Temp.
(OF)

1800

1800

Total Uniform Reduction
Specimen Machine Elongation Elongation Area

(%) () (%)

19-6 Arcweld 22(2-in gage 12 23.2
length)

21-7 Riehle 3 8 .5(1-in gage 9 26.5
length)

The data that were obtained in these studies are compared with the

manufacturer's data (obtained in air) through the use of a Larson-Miller

plot in Fig. 5.3. The data in air are for a rupture time of 10 hrs and

may not be directly comparable with the data obtained in this investigation.

This is evidenced by the apparent cross-over of the data for 2000 and

21000F in Fig. 5.1 which indicates a possible strong time dependence of

the data plotted according to the Larson-Miller parameter. No conclusion

can be drawn, therefore, as to the influence of a helium environment on

the high temperature mechanical properties of Hastelloy X.

Specimens that were tested at 17000F and above exhibited extensive

cracking throughout the gage section. This is illustrated in Fig. 5.4

Stress
(psi)

9200

9200

_. , .. _..,..._r

--------..........-.
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Fig. 5.4--Creep-rupture Specimen--Tested at 21000F at 2900 psi Illustrates
Both Extensive Cracking and Manner of Final Separation
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for a specimen that was tested at 21000F. Extensive cracking was observed

and the specimen ultimately failed by the tearing of a relatively narrow

strip of material following a large separation of the main specimen seg-

ments. It must be emphasized that cracking starts concurrently with entry

into the final (tertiary) stage of creep, i.e., where the creep-rupture

curves show a rapidly accelerating rate of creep. It is probable that

release of gaseous fission products through the cladding would occur

shortly after the initiation of cracking and prior to total failure.

Therefore, the value of elongation at the initiation of cracking (uniform

elongation) may be more meaningful for design purposes than the total

elongation. Values for this parameter are therefore included in Table 5.6.

Metallographic studies have indicated precipitation at temperatures

below 1700 0F. To evaluate the influence of over-aging specimens prior to

testing, a number of specimens have been aged for one hundred hours at

17000F. These will now be tested at lower temperatures and compared to

tests of the as received materials. Upon completion of this phase of the

investigation a topical report describing the work will be prepared.

BeO Moderator Ceramics Development (J. Quirk, F. Lofftus, J. Fourth,
N. Baker, K. Powell)

The objective of this sub-task is to develop economical fabrication

techniques for the production of BeO moderator and reflector blocks for

the MGYR program.

In the effort to develop economical fabrication processes for beryllia

moderator ceramics, experiments were performed to discover the most

economical raw materials required to obtain sound BeO blocks with final

densities greater than about 90 percent of theoretical. Compacts made

from several different grades of BeO starting powder were prepared and

sintered in air at 1540 0C. Some of the compacts contained 2 w/o of

bentonite (hydrous MgAl silicate) added as a sintering aid. The scope

and results of these experiments are given in Table 5.7. The results

indicated that only the compacts made from relatively expensive low-

calcined BeO sintered to densities greater than 90% of theoretical, under

the conditions of the experiment. The data also indicated that 2 w/o

bentonite aided the sintering of the other, less expensive, BeO powders.

It seems likely that more refined experiments might lead to methods for



Table 5.6

SHORT TIME STRESS-RUPTURE CHARACTERISTICS OF HASTELLOY-X IN A HELIUM ATMOSP1ERE

Total Uniform Reduction
Specimen Temperature Stress Rupture Life Elongation Elongation of Area Hardness

(OF) (psi) (hrs.) (%) (%) () (RA)

2-4
3-1
1-5

4-5A
4-5B
6-4
5-4
8-6
7-6
9-4

10-5
12-4
14-5
13-6
18-5

16-5
19-6
21-7
17-6

25-8
26-7
23.7
24-8

1200

1400

1600

1700

1800

1900

80,000
73, 000
63,000

43,500
43,500
41,000
38,000

23,500
22,500
21,500

16,500
15,500
15,250
14,900
14,300

9,750
9,200
9,200
8,800

7,500
7,500
6,500
5,800

0.37
0.55
6.4

0.74
0.92
1.2
1.68

0.74
0.87
1.0

0.77
0.35
0-98
0.50
1.07

0.45
0.97
1.1
2.03

1.0
0.9
1.4
2.6

57.5w
55
57

52.5

68
70 (a)

46
36

50
38
42
24

36
21
22

38.5 b

20

30 5 (b)
31 (b)34 (b)
22 (

40

21

12.5
13.5
10

9
12.5

15
13.5
10
7.5

15.5

12.5

9(b)

7.5
9.0

8.(b)
7.5 (b)

37.8

42.3

35.5
47.2

58.4
44.o

44.8
40.5

37.1
42.3

23.2
26.5
19.6

26
24
25.2
22.5

66.1

66.6

65.0
64.5

64.3
64.4

63.3
61.5
6o. 4

61.0
59.3

57.7
56.9
58.0

57.0
57.2
57.2
56.5

H
RN



Total Uniform Reduction

Specimen Temperature Stress Rupture Life Elongation Elongation of Area Hardness

(OF) (psi) (hrs.) (%) (%) (%) (RA)

27-8 2000 5,100 0.83 395 8 0(b)28.1 56.2
28-7 4,6oo 1.01 36.5(b) 9.5(b) 28.4 55.9
31-8 4,350 1:20 29.o(b)( ) 9.5(b)(c) 22.9 c 56.
29-8 4,150 4.15 30.5 (b)(17 )28.1(c) -c)

30-7 2100 3,150 0.67 23 (b) 20.5 54.2
32-8 2,900 0.75 53(b)7.5(b) 31.5 56.0

33-8 2,750 2.08 15 (b)b) 14.2 54.8
31-7 2,650 1.55 17 ( ) 7.5 13.0 53.6

(a) Elongation obtained from motion of cross-head. Values for
other specimens were obtained from gauge marks on specimen.

(b) One-inch gauge length.
two-inch gauge length.

Specimens not so indicated have a

(c) This specimen inadvertently heated to 22800F prior to testing.
The resultant grain growth precludes comparison of this data
directly to that for other specimens.

Table 5.6 (continued)
N



Table 5.

SINTEhING BEHAVIOR OF VARIOUS BeO POWDERS'

BeO Starting Powder Flux Additive Average Sintered Bulk Density

Supplier Grade Milling Time Compound Amount gm/cc f% of theoretical
(hrs)_(w/o)

3

Al 203

Al 203

Al203

A1203

Al 203

3; Al2 03

I .L L .1.I

(1) Material was ball-milled wet, with alumina balls, compacted
at 10,000 psi with 1 w/o paraffin, and sintered 4 hours in
air at 154+0 C.

balls

balls

balls)

balls

balls

balls

None

None

Bentonite

None

Bentonite

None

Bentonite

2

2

2

UOX

No. 1

No. 1.

G.C

G.C.

Sinter-
able

Sinter-
able

3;

3;

3;

3;

3;

2.77

2.12

2. 4

2.08

2.52

^.28

2.62

92.0

70.24

87.7

69.1

83. 7

75.7

87.0

Brush

Berylco

Berylco

Brush

Brush

Pechiney

Pechiney

I

r

1

c

t

1

s

E

I

+
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obtaining the desired high densities with the less expensive raw materials.

These experiments are continuing.

A large number of tests of BeO in boiling water were performed to measure

water absorption. Pellet densities ranged from 92 to 97%. No significant

weight changes (to nearest milligram) were observed in any pellet. On heating

to 1500 F and cooling ten times, there was no significant change ir the pellets

tested. Chips spalled off two pellets twice during rapid cooling. During the

heating cycle, the moisture content of the helium flowing through the furnace

retort rose 50-100 ppm above background at lower temperatures but returned to

background when the temperature exceeded 500 F. Approximately 15 min. was re-

quired to raise the temperature of the pellets from room temperature to 5000F;

the absorbed water was apparently evaporated during this time interval.

ELECTRIC BOAT MATERIALS INVESTIGATION AND TESTS (TASK 19)

Self-welding in Helium at Elevated Temperatures (D. W- Carreau, M. J. Donachie,
R. Shepheard, B. Lund)

The third 1000 hr. self-welding test at 1300 F in helium has been com-

pleted. As in the first two tests, specimens of various materials were loaded,

in compression, in high temperature, high purity helium. Upon removal, the ad-

hered specimens were pulled apart and the force recorded (Table 5.8). The final

report on the entire self-welding program is presently being prepared.

Creep-rupture Testing of Welded Specimens (D. W. Carreau, M. J. Donachie,
R. Shepheard, B. Lund)

The scheduled creep-rupture work was completed with the issuance of

the following reports:

1. B. Lund, The Effects of Helium upon Creep Rupture Strengths of Type

316 Stainless, 1 1/4 Cr - 1/2 Mo and 2 1/4 Cr - 1 Mo Steels, General

Atomic Report GAMD-1942, January 12, 1961.

2. B. Lund, Creep Rupture Tests of Cross Weld Specimens of 1 1/4 Cr -

1/2 Mo Steel, General Atomic Report GAMD-1942, January 12, 1961.

WESTINGHOUSE METALLURGICAL PROGRAM

Stress-Rupture Tests (Task 5)

The stress-rupture tests of various materials in helium continued during

this quarter. The alloys which are being tested include Inco-713C, D-979,

W-545, Inconel X and Inco 700. A breakdown of test results to date is given

in the following sections.

Alloy Inco-713C

The stress-rupture curve defining the test points obtained and the



TEST RESULTS,

Contact Pair

Table 5.8

MGCR SELF-WELDING TEST NO. 3

No. of
Pairs

Exposed

Visually
Bonded

(+ = yes)
(- = no)

of . (l)
No. of Pairs(
Tension Tested

Breaking

(lbs
Loads

. c ) -S

1- + t

Inconel X to Inconel X

Inconel X to Hastelloy X

Hastelloy X to Hastelloy)

D-979 to D-979

Inco 700 to W-545

Inconel X to W-545

Stellite No. 12 (cast) to
Inconel

Inco-713C to D-979

Inco-713C to W-545

D-979 to W-545

Stellite No. 1 to 1 1/4 Ci
1/2 Mo Steel

Inconel X to 316 SS

Inconel to 316 SS

x

3

3

3
2

5
4

2

4
2

2

3

5
2

4+++-- 2)

++++

+-

++++

++

+1--

2

0

2

0

3

1

3
1

23

3

25(*)

72--145

76--204 (*) (*)

106--112 (*)

45

20 (*) (*)
108

110--117

440

93--50 (*)

92

(1) Including those for which no measured breaking loads were recorded, due to separation
on clamping for test, etc. These are indicated by (*) in breaking load column.

(2) One specimen in each of these groups showed definite metal transfer in metallographic

examination. H

H

Contact
Pressure
(psi)

4,000

4,000

4,000

50,000

25,000

25,000

4,000

25,000

25,000

25,000

4,000

4,000

4,000

r-
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tests in progress to date for Inco-713C is shown in Fig. 5.5. Detailed

data concerning work continued during the past quarter is shown in

Table 5.9.

Table 5.9

STRESS-RUPTURE DATA FOR ALLOY INCO-713C

Estimated
Stress Rupture Time Accumulated

Heat (psi) (hrs) Time (hrs) Status

187 76,000 3,000 4,124 Failed*
(vacuum melted,
vacuum cast)

187 70,000 5,000 5,651 In progress
(vacuum melted,
vacuum cast)

X-1483 67,000 10,000 7,288 Failed*
(air melted,
argon cast)

X-1483 64,000 10,000 10,208 In progress
(air melted,
argon cast)

* Smooth bar failure.

Alloy D-979

The 12000F stress-rupture limits of D-979 are shown in Fig. 5.6 (air

data). Superimposed are the data points of tests completed to date and

points representing the tests in progress in helium. (See Table 5.10.)

Alloy w-545

The 12000F stress-rupture curve for W-545 alloy is shown in Fig. 5.7.

Information on the tests in progress up to this past quarter is given

in Table 5.11.

Alloy Inconel X

The 13000F stress-rupture curve for Inconel X obtained from published

literature (air tests) is shown in Fig. 5.8. Superimposed are the data

points obtained in helium and on the tests in progress. Work completed

in the last quarter is tabulated in Table 5.12.
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Table 5.10

STRESS-RUPTURE DATA FOR ALLOY D-979

Stress
(psi)

Estimated
Rupture Time

(hrs)
Accumulated
Time (hrs)

21737-9 63,000 5,000 4,652 Failed

21737-9 /0,000 7,500 4,5 26 In progress

21737-9 58,000 10,000 5,219(2) In progress

(l) Failed in notch section after
smooth bar portion retested.

3,588 hours,

(2) Failed in notch section after 4,571 hours,
smooth bar portion being retested.

Table 5.11

STRESS-RUPTURE DATA FOR ALLOY W-545

Estimated
Stress Rupture Time Accumulated

Heat (psi) (hrs) Time (hrs)

WA-108 55,000 5,000 5,142

WA-108 50,000 10,000 4,620

Heat Status

,.,...... y ,_._,....._, _.e.._
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Table 5.12

STRESS-RUPTURE DATA FOR INCONEL X

Heat

Stress
(psi)

Estimated
Rupture Time

(hr s)

Accumulated
Time (hrs)

HT -8572X 38,000 2, 500 1,234 Notch failure

HT-8572X 35,000 5,000 2,481 Notch failure

HT-8572X 30,000 10,000 4,06o In progress

This heat of Inconel X (HT-.8572x) is known to exhibit marginal notch

sensitivity. Therefore, little significance can be attached to the

premature notch failures that have occurred in the helium atmosphere

The notch bar portions of the specimens will be retested

Alloy Inco 700

Shown in Fig. 5.9 is the 1500 0 F stress-rupt.ur curve f r Inco 700

obtained from published literature (air data) Listed in Table 5.13 is

rhe test information obtained in helium.

Table 5.13

STRESS-RUPTURE DATA FOR ALLOY INCO 700

Estimated
Stress Rupture Time Accumulated

Heat (psi) (hrs) Time (hrs) Status

HT-7652X 40,000 200 167 Failed*

HT-7652X 35,000 500 366 Failed*

HT-7652X 30,000 1,000 1,038 Failed*

IIT-7652X 25,000 2,500 2,760 In progress

* Smooth bar failure

Status
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VI. SITE DEVELOPMENT

PROTOTYPE SITE DEVELOPMENT (TASK 18) (W. T. Furgerson, 1_ N. house:
C. H. Carson)

Several alternate site arrangement plans were considered during the

past reporting period These arrangements included a reactor with bottom

mounted control rod drives and dry refueling techniques, and another wit}

bottom-mounted drives and wet refueling techniques. It was found that

while bottom-mounted drives and dry fuel handling offer many operation.

advantages such as easier access to the core and shorter shutdown time

for refueling, they contribute a significant increase in the over-all

cost of the facility, and were subsequently abandoned. In addition, the

decision was mat that the reactor would have top-mounted control rod.

drives and that the handling of spent fuel would be carried out under

water

Various designs were considered for transporting the fuel from the

reactor to the fuel storage pool. Since the reactor and the vault con-

taining it will be dry during reactor operation, it is necessary that a

system be developed to effectively seal off the spent fuel storage pool

from the reactor vault. Among the schemes considered were a fuel transfer

tube through which the spent fuel elements could be slid from the reactor

vault to the fuel storage pool. This tube would be sealed off by means

of a gate valve backed up by a second gate valve to facilitate maintenancE

This scheme was abandoned, however, because it lacked the flexibility

required and was difficult to design to handle core components other thar;

the fuel elements.

Another scheme investigated was a "lazy-susan type of mechanism

which was abandoned because it was mechanically complex and would be

difficult to maintain.

The arrangement that was chosen was a type of fuel transfer canal.

made by making a section of the primary shield removable. During reactor

operation the spent fuel storage pool is sealed off by a water-tight gate.

Although it is recognized that in order to make the gate water-tight, it
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will require careful design, the system offers the maximum flexibility,

at the same time being mechanically simple. This system has been fully

described in the Reactor Development section of this report.

The reactor experiment will be located at the National Reactor Testing

Station in Idaho, and the site arrangement has been modified to conform

with the regulations of NRTS. While the basic plant has remained about

the same, the reactor building has been modified to accommodate a full-

size MGCR pressure vessel. The building has been increased slightly in

height to accommodate a 50 ton crane rather than the 20 ton that was

originally planned. The reactor building now covers an area of about l03-ft,

wide by 122-ft. long. The maximum height is about 40-ft. In order to

economize on construction costs, the chemistry laboratory, maintenance

shop and new fuel storage area have been eliminated from the reactor

building.
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