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PREFACE

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

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

Energy Commission-Maritime Administration and General Dynamics Corporation.

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

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

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

Electric Boat Divisions. Westinghouse Electric Corporation is subcontractor

to General Dynamics for the development of turbomachinery for the project

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

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 settings0o

The objectives lead to low capital and operating costs.
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GLOSSARY

Related Terminology:

During the past year, several alphabetical designations have been

generated in connection with the MGCR Program pursuant to the considera-

tion of alternate programatic plans. In order to assist the reader in

relating these concepts, the following list of comparable alphabetical

designations is provided.

Beryllia Reactor Experimet (BRE)

Beryllium Oxide Reactor Experiment

(BORE)

Experimental Beryllium Oxide

Reactor (EBOR)

Helium Reactor Turbine Experiment
(HRTE)

Maritime Gas-Cooled Reactor Experi-
ment (MGCRE)

Maritime Gas-Cooled Reactor Test
(MGCRT)

(I)
Maritime Gas-Cooled Reactor -

Prototype (MGCR-P)

Mark I (MK-I)(2)

I
I

10 Mw(t) Experimental Beryllium
Oxide Reactor. This is a plan-
ned test of the MGCR reactor
concept utilizing full size
fuel and moderator elements to
be operated at design specific
power. The 10 Mw(t) limitation
is achieved by reducing the MGCR
core diameter but not its length.
A 10 Mw(t) heat dump will be sub-
stituted for the turbomachinery.

22,000 SHP - Mw(t) varies with
cycle temperature (approx.
50 Mw (t) . This is a planned
test of the MGCR concept which
will follow the BORE. It will
employ a full size core and
utilize turbomachinery.

32,000 SHP - power varies de-
pendent on temperature. These
plants are alternate versions
of the objective of the MGCR
Program.

(1)MGCR Program Staff, MGCR Prototype Preliminary Design, Volume 1, General

Atomic Report GA-1612, December 9, 1960.

(2)General Atomic and Electric Boat Divisions, Nuclear Powered Tanker Design

and Economic Analysis Based on the Maritime Gas-Cooled Reactor, General

Atomic Report GA-1500, June 1960.
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SUMMARY

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

has been directed to change the emphasis of its development program, which

has previously been one of research and development leading directly to the

construction of a land based MGCR prototype plant. In December of 1960,

formal authorization was received to reorient the program to include in the

MGCR Project the design, construction and test operation of a 10 Mw(t)

reactor experiment 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 reactor ex-

periment was known as the Beryllium Oxide Reactor Experiment (BORE). During

this quarter, the MGCR Project has been authorized to change the name of

the intermediate stage 10 Mw(t) reactor from BORE to the Experimental

Beryllium Oxide Reactor (EBOR).

Reactor Development

A second series of experiments has been conducted to further investigate

the resistance of BeO to thermal loading. These experiments were conducted

on square-annular BeO blocks at increasing power levels to investigate

thermal stress fracture. Temperature distributions were measured during

each test and the data are being analyzed using an analytical solution of

temperature distribution versus input.conditions for correlation. Initial

results are given in the text.

A second BeO irradiation experiment, MGCR-2, is being designed. This

experiment will study the combined effect of high thermal stress, fast

(' l Mev) neutron flux and high temperature on the BeO thermal stress re-

sistance, dimensional stability and physical properties.

Analyses have been conducted on the core and control element to dis-

cover and investigate points of weakness. Emphasis was placed, in this

study, on the maximal allowable temperature gradient and the response to

seismic loadings.

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

Program, Quarterly Progress Report for the Period Ending March 31, 1961,
General Atomic Report GA-2178.
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A study was also completed to determine the cooling requirements,

component temperatures and temperature distributions for the EBOR reflector

and control elements, and the results are given in the text.

A preliminary analysis was completed to determine the maximum allowable

difference between the flooding water temperature and the vessel temperature

at the onset of flooding.

The irradiation of the MGCR-HDR-3 test fuel element at Hanford con-

tinued satisfactorily this quarter. Up to June 28, over 2500 hours of

operation have been logged. This represents 16 thermal cycles at a maximum

surface cladding temperature of 1500 F. No fission product leakage has

been detected.

Development of the MGCR experimental control rod drive mechanism is

continuing. The electric positioning motor was rebuilt and the mechanism

was reassembled with the rebuilt motor. A new series of positioning and

scram tests were subsequently carried out and the results are given in

the text.

With the decision to construct the EBOR at the ANP Shield Test Pool

Facility (STF) at Idaho, a wet-or-dry refueling system in lieu of the pre-

viously considered completely wet system is being developed. This design

will permit normal refueling operations to be conducted with the reactor

dry and will permit water flooding for replacement of reactor internals

and core components, other than fuel elements and control rods.

Rotating Machinery

During this quarter the major emphasis concerning MGCR turbomachinery

development was placed on modifying the present 1300 F design to allow

1500 F operation. Other than material substitutions in the blades and

discs, the redesign of the crossover zone is the most important requirement

for reaching 1500 F capability.

Testing of the low-pressure and high-pressure diffuser and exhaust

hoods as well as the compressor turbine diffuser and exhaust hood has been

started. Preliminary data regarding these tests is reported.

viii



Tests were conducted to study the effect of stage loading in the

compressor. Two loading configuration experiments were completed: (1) mean

loading with a 75 blade rotor solidity and a 66 blade stator solidity, and

(2) high loading, 10% higher than mean, at the same solidities (75 blade

rotor and 66 blade stator).

Reactor Physics

Calculations were made of some of the initial critical experiments to

establish the validity of the analytical techniques in predicting the be-

havior of the critical assembly. A brief summary of the results is pre-

sented. A change was made in the Critical Experiment Program to provide

earlier information for analysis of the water-flooded EBOR, and initial

safety device worth measurements were made in a lightly loaded, simulated

water-flooded assembly.

Development continued on the codes for use in nuclear design and

analysis of critical experiments. Emphasis was altered during the quarter

to provide earlier completion of the BIG-6 and BIG-7 codes useful in the

analysis of the critical experiments.

Heating rates were estimated in the control rods, thermal shields,

support plate and pressure vessel for EBOR operation at 10 Mw(t). Shield

thickness requirements were established for the revised machinery compart-

ment layout. Data regarding these studies is presented in the text.

Materials Development

The MGCR-1 fuel irradiation capsule and its associated temperature

and recording equipment was shipped to MTR and installed in the reactor

on June 16, 1961. The fuel pellets used in this capsule contain UO2 as

a dispersion of fine particles (approximately 10 p diameter) and as coarse

particles (approximately 150 p diameter).

Investigations of the properties (i.e., oxidation resistance, com-

pressive strength and microstructure) of BeO - UO2 fuel specimens for the

MGCR-4 and MGCR-9 irradiation experiments were also made.
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The examination of the MTR-31-1 fuel irradiation capsule has been

started in the General Atomic Hot Laboratory. The estimated burnup of the

30% enriched UO2 is in the range of 35 to 50% of the contained U235 atoms

(over 100,000 MwD/ToN U). Detailed examination of this capsule is continuing.

The MGCR-l BeO irradiation capsule was discharged from the GETR after

irradiation to a measured peak exposure of 2 x 1021 nvt (='l Mev), and

delivered to the General Atomic Hot Laboratory. The contained BeO pellets

are presently undergoing extensive examination. Numerous compositions,

fabrication methods, and suppliers were represented in the 19 types of

material. The capsule had been irradiated for four cycles in the E-5

(central) position in the GETR core.

Creep and stress rupture testing of the Hastelloy X cladding material

is continuing. Tests were conducted at 16000F at two stress levels and

three test environments. Data regarding these tests are given in the text.
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Tentative EBOR Data Sheet

Site

Location NRTS, Idaho

Operating Data
Reactor Thermal Power, Mw

Reactor Heat Flux (max. ), Btu/ft 2hr
Reactor Heat Flux (ave.), Btu/ft hr

Reactor Inlet Coolant Pressure, psia

Reactor Outlet Coolant Pressure, psia

Reactor Inlet Coolant Temp . , 0F

Reactor Outlet Coolant Temp., F

Maximum Cladding Temperature, F
(hot-spot)

Coolant Mass Flow Rate (through core),
lb/sec

Coolant Maximum Velocity, ft/sec

Reactor Pressure Vessel

Vessel Inside Diameter, in.

Vessel Inside Height, in.

Total Pressure Vessel Weight, lb.

Reactor Core

Approximate Dimensions, in.

Reflector Thickness, in. BeO (app)

Number of Fuel Elements

Number of Control Rods

Loadings, Kg

U-235

U-238

10

200,000

86, 000

1120

1075

750

1300

1500

13.88

240

116

294

336,100

23.3 x 23.3 x
76.0 height

7

36
4

100

Lo
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Composition v/o (core average)

U02

Diluent

Cladding and Spacers

Shroud

Fuel Cooling Void

Moderator

Moderator and Control Rod Voids

Fuel Element (annular ring of rods)

Number of Rods

Number of Fueled Rods

Rod Diameter (O.D.), in.

Structural Material

v/o Diluent (BeO) in Fuel Body

Fueled Length, in.

Over-all Length of Assembly, in.

Design Life at Full Power, hrs

Burn-up at End of Life, MWD/ton of U

Nuclear Data

Core Nuclear Constants at operating
temperatures

Thermal Disadvantage Factor of Fuel
(below Cd cutoff)

Age to Thermal Energy, cm

Infinite Medium Resonance Escape

Probability

Excess Reactivity

Hot, Clean

Hot, Equil. Poisons

Cold, Clean

Cold, Water Flooded

2.79

6.52

4.03

0.59

7.68

68.13

8.40

18

18

0.375

Hastelloy X

76

76.0

82.5

.L0, 000

2 x 10

1.77

179

0.80

1.052

1.032

1.088

1.293

xii



Control Rod Worths, % ak/k
Hot, Clean Reactor:

All Four Rods 39
Cold, Clean, Water Flooded

Reactor: All Four Rods 32.

Power Distributions (normal)

Axial Maximum to Average Factor 2.20

Radial Maximum to Average Factor 1.15

xiii



TENTATIVE MGCR DESIGN DATA

BeO-Moderated Concept

Shipboard
Powerplant
(Mark I)Prototype

Power

Power at LPT shaft

Electric power generation

Reactor (thermal)

Net shaft efficiency

Cycle efficiency

32,000 shp

1,000 hp

77.4 Mw

30.8%

3.1.8%

32,000 shp

1,000 hp

68.0 Mw

35-1%

36.2%

Cycle Conditions

Coolant

Coolant pressure

HPC discharge

LPC suction

Coolant temperature

Reactor inlet

Reactor outlet

Coolant flow (full power)

Helium Helium

1150 psia

445.2 psia

761.4 OF
1300 OF
107.6 lb/sec

894 psia

346 psia

893.2 0F
1500 OF

83.8 lb/sec

Reactor Vessel

Reac

Fuel

Inside diameter

Inside height

2tor Internals

Moderator and reflector

Core (active lattice)

Diameter

Height

Reflector thickness

U23 5 loading

Enrichment

114 in.

17.7 ft.

114 in.

19.3 ft. max.

Be C' BeO

6.33 ft.

6.33 ft ,

7 in.

160 kg

8.53%

6.33 ft

6.33 ft

7 in.

200 kg

10.5%
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Fuel cont.

Shipboard
Powerplant

(Mark I)

U loading

Fuel loading

Core life (at full power)

Exchangers

Regenerator

Number

Tube length

Number of tubes

Tube material

Precooler

Number

Tube length

Number of tubes

Tube material

Intercooler

Number

Tube length

Number of tubes

Tube material

Fuel Elements

Fuel-body material

Fuel-body cladding
material

Maximum cladding tempera-
ture (with hot channel
factors)

Number of fuel assemblies

UO2-BeO0

Hastelloy X

1500 F

308

UO2-BeO

Hastelloy X

1700 F

308

xv

Heat

1700 kg

1900 kg

4.6 yrs

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

1

46.o ft

4096

Cr-Mo

1

24.5 ft

1649

Cu- Ni

1

25.7 ft

1160

Cu- Ni



Prototype

Shipboard
Powerplant1

(Mark I)

Control Rods

Number

Material

Turbomachinery

Over-all length

Maximum diameter

Approx. 30 ft

8 ft

27 ft, 6.25 in.

5 ft, 8 in.

12,200 rpm

12,200 rpm

7,600 rpm

12,200 rpm

Pressure ratio

LPC

HPC

HPT

LPT

1.55

1.70

1.32

1.77

12,200 rpm

12,200 rpm

7,600 rpm
12,200 rpm

1.55

1.70

1.38

1.67

*

Further considerations concerning the BeO-moderated concept are presently

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

of subsequent reports.

1Report 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

RESEARCH AND DEVELOPMENT (TASK 7)

Core and Associated Components (K. A. Trickett)

BeO Experimental Stress Analysis

Thermal Stress Experiments (C. 0. Peinado, D. R. Buttemer)

Thermal stress testing of the square-annular BeO blocks was initiated

during this reporting period. The first set of blocks were cold pressed

and sintered from UOX grade BeO with 1 w/o MgO flux additive. The dimen-

sions and density of the specimens are given in Table 1.1.

As shown in the diagrams presented in Table 1.1, the instrument blocks

alternate with the test blocks to provide for accurate temperature measure-

ment without the necessity of cutting the actual test blocks.

Thermocouples were installed in radial grooves and held in place with

Saueriesen cement as shown in Fig. 1.1. A gold bead was bonded to the

thermocouple sheath at the hot junction to provide better contact between

the thermocouple and the block. The bead was subsequently ground flush

with the BeO surface to avoid interference with assembly of the blocks.

The relationship of the blocks after instrumenting is shown in Fig. 1.2.

A total of seven power runs were made on the BeO square-annular

specimens. The first two were low power runs conducted primarily to deter-

mine the dependence of the BeO temperature on power level and air coolant

mass flow. The remaining runs were high power runs conducted to investi-

gate thermal stress fracture of the BeO specimens. The first high power

run was at 4,500 w with an average coolant channel temperature of 1100F.

Each succeeding run was at a power level 1500 w greater and a mass flow

adjusted to achieve an average coolant channel temperature of approximately

1100F.

A steady-state condition was achieved for each run during which period

the data were recorded. An examination of the coolant channel surface was

performed with a borescope after each run to determine whether fracture

had or had not occurred.

I
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Table 1.1

BeO SPECIMEN DIMENSIONS AND DENSITY
* *

Flow

Direction

T-DS T-US

ox

X Y Upstream Dimensions Downstream Dimensions Thickness Density
Block in. in. DX, in. DY, in. DX, in. DY, in. in. gm/cc

III 3.547 3.548 2.801 2.805 2.792 2.794 1.498 2.87

T-US 3.547 3.548 2.695 2.691 2.718 2.714 1.500 2.86

II 3.547 3.548 2.702 2.708 2.717 2.727 1.500 2.88

T-DS 3.547 3.548 2.714 2.717 2.699 2.703 1.510 2.89

I 3.547 3.548 2.765 2.761 2.776 2.773 1.500 2.85

*
T-DS - Test Block - Downstream

T-US - Test Block - Upstream
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The examination of the blocks after the third high power run (7,500 w)

indicated that all three instrumentation blocks and one of the two test

blocks had broken during that run. The cracks occurred at or near the

minimum ligament as shown in Fig. 1.3. The circumferential laminations

in the upstream test block (T-US) were present before the testing commenced.

The fourth and fifth runs failed to produce fracture of the remaining

test block. A sixth run was attempted, but not completed due to the failure

of the heating element.

The blocks were disassembled after the sixth run and examined. It

was noted that all the blocks except the upstream test block had fractured

into two approximately symmetrical pieces from longitudinal cracks which

developed at two diametrically opposed minimum ligaments. Figure 1.4 shows

the fractured downstream test block (T-DS). An analysis of the data is

in process.

BeO Temperature Distribution Analyses (G. J. Malek)

Analytical solutions for calculating the radial temperature distri-

bution in the BeO moderator blocks have been developed for the following

conditions:

1. Uniformly applied heat flux on the external surfaces of the block

with a uniform heat transfer coefficient on the cooled internal

surface.

2. Uniform temperature on the external surfaces of the block with a

uniform heat transfer coefficient on the cooled internal surface.

These solutions were developed in a manner analogous to those for the case

()of uniform internal heat generation.(1 In addition, curves of temperature

distribution for the case of constant heat flux have also been obtained. (2)

The three analytical solutions will be used in the analysis of the

air flow test stand data and to correlate these data with predicted condi-

tions for the reactor.

BeO Irradiation Experiments (C. 0. Peinado, A. C. Jones)

A second beryllia irradiation experiment, MGCR-2, is being designed,

The principle objective of this experiment is to determine the effect of
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irradiation on the thermal stress resistance of beryllia. The properties

of the beryllia which determine its thermal stress are the thermal con-

ductivity, strength, density, Young's modulus, Poisson's ratio, heat capa-

city, and linear coefficient of expansion. The thermal conductivity and

strength of the beryllia are both expected to decrease during irradiation.

Thus, the thermal stresses in a beryllia moderator block during exposure

in any specific reactor environment will increase with the drop in thermal

conductivity. Therefore, if the thermal stress required to fracture the

beryllia decreases with time of irradiation, the life expectancy of the

beryllia moderator block will be shortened.

The specimens in the MGCR-2 will be irradiated under a wide range of

thermal stresses by exposing solid and hollow cylindrical specimens of

various diameters and lengths to the selected environment. The thermal

stresses in the beryllia will also vary with the gamma heating rate which

has a maximum to average ratio of 1.8 over the capsule length and changes

with the position of the reactor control rods. A change in one or more

of its physical properties at any given gamma heating rate will cause the

thermal stress level to rise in a BeO specimen.

Corollary objectives of this experiment will be to measure the thermal

conductivity, strength, density, modulus of elasticity, Poisson's ratio,

heat capacity, and coefficient of expansion, and to investigate dimensional

stability of the specimens.

DESIGN FOR CONSTRUCTION (TASKS 071, 072 and 5k)

Thermal Performance (R. Katz)

Analysis of the thermal and hydrodynamic characteristics of the EBOR

core due to perturbations from the nominal performance (i.e. 10 Mw power

with 1300 F outlet gas temperature from each element) has been completed.

The perturbations considered include changes in power generation, friction

and heat transfer correlations and variations in the core element and

orifice geometry due to manufacturing variables. Data concerning pertur-

bations in the power generation, friction factors and heat transfer values

have been previously reported.
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It was found that the core pressure drop increased from a nominal

value of 26.2 psi to 30.5 psi, assuming that the sum of the perturbations

which influence the pressure drop are at their maximum level.

The maximum cladding temperature increases from 1328 F to 1483 F in

the highest powered element (in the center of the core) and from 1350F to

1512 F in the lowest powered element (nearest the periphery of the core)

if it is assumed that a cummulative effect of all the perturbations occurs

on the one particular element under consideration.

If the axial power distribution were the same for each element and

the core orificed for a constant coolant outlet temperature the maximum

cladding temperature would occur in the highest powered element. However,

because of the greater effectiveness of the control elements on the lowest

powered element a greater fraction of power is produced in the unrodded

region of this element rather than in the highest powered element. This

results in the coolant temperature rise being more rapid in the lowest

powered element and the maximum cladding temperature occurring at a higher

heat flux point. A comparison of the conditions at the maximum cladding

temperature point in the highest and lowest powered elements is given in

Table 1.2.

Table 1.2

CONDITIONS AT POINT OF MAXIMUM CLADDING TEMPERATURE

(HIGHEST AND LOWEST POWERED ELEMENTS)

Highest powered Lowest powered
element element

Fraction of core length 0.5 0.4

Coolant temperature, F 1231 1190

Film temperature rise, F 97 160

Cladding temperature, F 1328 1350

Heat flux, Btu/ft -hr 96,900 114,000

Heat transfer coefficient,

Btu/ft /hr- F 996 710

Coolant flow rate, lb/sec 0.4621 0.3038
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The individual and cummulative effect of the various perturbations

on the cladding temperature in the lowest powered element are given in

Table 1.3.

The axial variation of the cladding temperature in the lowest powered

element is shown in Fig. 1.5. In this figure the curve labeled "hot-channel

factors" refers to calculations based upon the cummulative effect of all

the perturbations indicated in Table 1.3. For comparison, the axial variation

of the cladding temperature in the highest powered element is shown in

Fig. 1.6.

Preliminary analysis of the temperature-time history of the core element

following a loss-of-coolant accident has indicated that for times less than

approximately 500 sec. after the initiation of the accident, the maximum

fuel cladding temperature will occur at an axial plane corresponding to the

point of initial maximum cladding temperature. After approximately 500 sec.,

the maximum cladding temperature occurs at the plane of maximum power genera-

tion. The investigation is continuing.

CORE AND REFLECTOR ELEMENTS (TASKS 071 and 54)

Mechanical Design (R. W. Bean and G. P. Young)

Major emphasis during the reporting period has been placed upon the

detailed design for construction of the core and reflector elements.

The core element assembly drawing is shown in Fig. 1.7. The reflector

element assembly drawing is shown in Fig. 1.8.

Several modifications have been made to the core element design.

Hastelloy X has been selected as the structural material throughout the

core. Hastelloy B, which had been considered previously for non-critical

applications because of its favorable coefficient of thermal expansion,

has been discarded because of its poor oxidation resistance above 1400F.

A springpack has been added at the lower end of the central beryllia

column. The function of the springpack is to compensate for differential

expansion between the beryllia and the metallic shroud tube which forms

the outer boundary of the fuel channel. Differential expansion results

in the development of a gap at the top of the column of 0.31-in. in the



Table 1.3

PERTURBATIONS EFFECTING THE MAXIMUM CLADDING TEMPERATURE

IN THE LOWEST POWERED CHANNEL

Change of Coolant Outlet Maximum Cladding
Case Flow (%) Temperature ( F) Temperature ( F) Perturbation

1 0 1300 1350 Nominal conditions

2 0 1300 1372 Increased heat
generation due to
combined effect of
3% uncertainty in

the fuel loading
and 10% uncertainty

in the axial flux
distribution

3 0 1300 1368 Coolant non-mixing
in fuel channel
corresponding to a

max-to-ave flux in
the element of 1.040

4 0 1300 1382 Heat transfer coef-

ficient decreased b
a factor of (1/1.20

5 -4.51 1326 1377 All channel areas
but the lowest power
one increased by a
factor of 1.05

'ed



Table 1.3 (Con't)

Change of Coolant Outlet Maximum Cladding

Case Flow (%) Temperature ( F) Temperature ( F) Perturbation

6 -2.99 1317 1360 The channel area
of the lowest pow
one decreased by
(1/1.05)

7 -1.88 1311 1361 The orifice coef-
ficients of all
elements decrease
by (1/1.05) except
the orifice for
the lowest powere
channel increased
by 1.05

8 -0.33 1326 1379 Power distribution
for the lowest
powered channel
increased by a
factor of 1.05

9 -0.33 1326 1417 Combined effect
of cases 2, 3,
and 8

10 -9.50 1384 1512 Combined effect
of cases 2 - 8
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hot condition. The pressure differential acting on the column at full

flow conditions is sufficient to overcome the dead weight, causing levi-

tation and possible damage to the beryllia mass as it responds to varying

flows. The springpack supports the column and effectively prevents the

gap from forming. It consists of six Inconel X helical compression springs

acting in parallel; any five of which are sufficient to meet performance

requirements. It should be noted that the springs are located in the rela-

tively cool (7500F) inlet end of the element.

A variable orifice has been installed at the inlet end of the core

element. It consists of a rotating sleeve inside the nozzle body contain-

ing four ports similar to those in the nozzle. By rotating the sleeve, the

size of the effective opening may be varied. The sleeve is locked in place

by means of a plunger, actuated by a small leaf spring, which engages

serrations in the valve sleeve. When installed in the core, the plunger

is positively locked by virtue of its location with respect to the inside

surface of the pilot sleeve in the inlet plenum box. As a safety feature,

the valve arrangement is such that it is impossible to block the flow

completely.

The instrument tube, extending through the central beryllia column,

has been increased from 0.375-in. to 0.500-in. in order to .ccommodate the

leads from the instrument sensors at the top of the assembly. The instru-

mentation consists of two thermocouples measuring the outlet gas temperature,

a burst-slug sampling tube, and a flux wire guide tube. The leads pass

through an instrument connector at the lower end of the inlet nozzle below

the gas inlet ports and then into the instrument tube.

The reflector element is similar to the core element except that:

(1) beryllia sleeves occupy the region between the central beryllia column

and the shroud tube, (2) no instrumentation is provided, and (3) the spring-

pack is unnecessary because of the lower effective pressure loads.

Thermal Analysis

A preliminary analysis was made to determine the cooling requirements

and component temperatures for the reflector elements of the EBOR using

the COPE Code. The design condition analyzed was steady-state operation
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at 10 Mw power with a core outlet gas temperature equal to 13000F. The

criteria for establishing the cooling flow rate was an outlet gas tempera-

ture equal to that of the core (i.e., 13000F).

The resulting cooling flow rate to the reflector elements was calculated

to be 0.787 lb/sec for 52 elements or 4.9% of the total flow rate through

the core. The required flow control orifice area for each element, based

upon 27 psi total pressure loss across the core, was 0.0173-in for the

inner elements and 0.0048-in for the outer elements. This corresponds to

an orifice diameter of 0.149-in. and 0.078-in., respectively.

The resulting axial variation in component temperatures, assuming

nominal performance conditions are shown in Fig. 1.9.

It can be seen that the maximum temperatures are 14200F for the BeO

and 1330 F for the Hastelloy X shroud. With estimated hot-channel factors

for the most severe combination of perturbations, the corresponding maximum

temperatures were 1640 F and 1455 F.

CONTROL ELEMENT (TASK 54)

Design (R. W. Bean, R. E. Engberg)

The detailed design for the control element was completed during the

reporting period. The control element assembly drawing is shown on Fig. 1.10.

The basic design of the control element has been changed from a welded

and brazed construction to an all welded construction in order to facilitate

manufacture and provide a stronger structure. In addition, the design has

been modified to permit fabrication of complete blade panels prior to

assembly into the cruciform configuration.

It should be noted that each of the tubes containing the absorber

material is vented through the lower end cap to equalize pressure between

the inside and outside of the cladding tubes. The bottom vent location

was selected so as to restrict the entry of water during flooding of the

reactor and to promote drainage.

The shape of the gusset plates at the top of the assembly has been

modified to accept a fixture for locking the control element in place in

the reactor during fuel handling.
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Thermal Analysis

A preliminary analysis was made to determine the cooling requirements

for the control elements of the EBOR, 10 Mw core. Two conditions were

analyzed corresponding to a core outlet gas temperature of 1300 F and 1500F,

respectively. The criteria for establishing the cooling flow was a design

limit temperature for the control element structural material equal to

1600 F.

The control element coolant temperature was found to be greatly de-

pendent upon the wall temperature of the BeO surrounding the control element

passage. Therefore, in the region below the control element, the tempera-

ture rise of the coolant was determined by solving the differential equation,

m C dT = UA (T -T )
p d c s w c

where

m = coolant flow rate, lb/hr

Cp = specific heat of He, Btu/lb- 0 F

T = coolant temperature, F
c

A = heat transfer surface area, ft2
5

U = over-all heat transfer coefficient,

Btu/hr.-ft - F

T = surrounding wall temperature, F

= fractional length, axially along the

core

For the purpose of the analysis, the surrounding wall temperature

was assumed to be a sine function in the region below the control element,

and a constant in the region containing the control element, The control

element temperature was then calculated by making an iterative heat balance

axially along the control element.

Figure 1.11 shows the results of the analysis for the 1500 F core

outlet gas temperature condition. In addition, the effects of several

perturbations are also shown. The resulting cooling flow requirement,
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when corrected to the 1300 F core outlet gas temperature condition, was

established as 0.3 lb/sec for four control elements, or 2.2% of the total

flow rate through the core.

CORE ARRANGEMENT (TASK 54) (R. W. Bean., N. H. Davison)

Core arrangement studies were initiated in order to establish the

space requirements for the final sizing of the core, reflector and control

elements. The core assembly drawing is presented in Fig. 1.12.

The design of the core has been modified to incorporate cruciform

shaped thimbles for each of the control elements. The function of the

thimbles is to define the flow path for the coolant passing over the

control element,. The thimbles are formed from 00.15-in.. thick Hastelloy X

sheet, reinforced at the top and bottom. The coolant enters the thimbles

through an orifice mounted on the core support plate, flows upward over

the control element, and exhausts into the vessel upper plenum.

RESEARCH AND DEVELOPMENT' (TASK 8) (T. J. Larson)

Pressure Vessel and Associated Components (K. A. Trickett)

Corrosion Protection Testing

A series of tests has been conducted on low alloy steel. specimens

treated with various corrosion inhibitors. The purpose of these tests

is to obtain a quantitative measure of the protection afforded by each

of the methods investigated.

The samples tested included:

a. 1 Cr-1/2 Mo steel, unprotected

b. 1 Cr-l/2 Mo steel, phosphoric acid rinse

c. Low alloy steel, Kanigen plate

d. Low alloy steel, MetCo

Initially, unprotected samples were heated to 1000 F for 18 hrs. in

the presence of helium with 20-200 ppm of oxygen containing impurities in

order to determine the need to consider the protection of the base metal

during normal operation. (This impurity content is representative of

reactor operation). A loosely adherent oxide film formed on all surfaces,

demonstrating that a need for corrosion protection does exist.
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Samples from each group were heated in air at 1000F for 20 hrs. and

those which did not visibly oxidize were subsequently bend tested to deter-

mine the effect of this exposure on the adherence of the coating. The

results of these tests are reported in Table 1.4.

Table 1.4

RESULTS OF OXIDATION AND BEND TEST

Oxidation Bend
Sample Test Test

Unprotected

Phosphoric acid
rinse

Kanigen

Met Co

Loosely adherent
oxide film

Loosely adherent
oxide film

Slight surface
discoloration

No apparent effect

Not con-
ducted

Not con-
ducted

Severe
spalling of
cladding

Excellent
adherence

I I _ _ _ _ _ _ _ _

DESIGN FOR CONSTRUCTION (TASK 52) (T. J. Larson, V. H Pierce)

Concentric Duct

A conceptual design and an equipment specification covering the detail

of the concentric duct and anchor between the regenerator and the pressure

vessel was prepared.

Metallic insulation has been included in the design to reduce the

temperature of the inner duct and a flow restrictor was included to allow

for the bypass of a selected percentage of the flow into the top pressure

vessel head.

The heat loss between the concentric ducts of the primary piping and

the corresponding maximum inner duct temperature based upon 1/2-in. of

metallic insulation is shown in Table 1.5. These data are shown for

the EBOR operating conditions (13000F outlet gas temperature) and the

MGCRT 1500 F reactor outlet coolant temperature operating conditions.
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Table 1.5

REGENERATIVE HEAT LOSS AND INNER DUCT TEMPERATURE

EBOR MGCRT

Heat Loss Duct Temp. Heat Loss Duct Temp.

Insulation (Btu/hr-ft 2 ) ( F) (Btu/hr-ft2 ) ( F)

Metallic, 1/2 in.

thick(3) 3845 780 4680 910

The 1/2-in. of metallic insulation used on the inside of the inner duct

is used on the assumption of MGCRT operating conditions of 1500 F coolant

outlet, 842 psia outlet, and 83.8 lb/sec coolant flow.

Due to the high heat transfer film coefficients on the inside of the

concentric ducts, the design objective of equal duct temperatures can be

met with a minimum of external duct insulation. Therefore, the criteria

for external insulation thickness depends on the desired external heat loss.

External heat loss and duct temperature based on the use of Johns-Manville

Thermobestos(4 )is shown in Table 1.6 for the two operating cases under

consideration.

Table 1.6

EXTERNAL HEAT LOSS AND OUTER DUCT TEMPERATURE VS INSULATION

EBOR MGCRT

Insulation Duct Duct
Thickness Heat Loss Temp. Heat Loss Temp.

(in.) (Btu/hr-ft2 ) (F) (Btu/hr-ft2 ) ( F)

0 3060 753 3725 890
1/2 435 760 525 892

1 235 761 285 893
2 125 761 150 893
4 60 761 75 893

Bypass Piping

A thermal and flow analysis has been completed to determine preliminary

data on pressure drop, duct wall temperature, and duct external heat loss

for the bypass piping between the concentric duct and the pressure vessel

top head. Pressure drop data through the bypass piping presented in
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Table 1.7 were evaluated on the basis of piping configurations shown on

Fig. 1.13 and MGCRT and EBOR operating conditions. For MGCRT operation,

the pressure drop calculations were evaluated for 10% and 20% bypass coolant

flow at 74 lb/sec, 775 psi inlet pressure and 7610F inlet temperature. The

coolant flow split during EBOR operation was taken as 80% and 90% bypass

flow at 14.2 lb/sec, 1128 psi inlet pressure and 761 F inlet temperature.

Table 1.7

BYPASS PIPING PRELIMINARY PRESSURE DROP DATA

MGCRT EBOR

Bypass Coolant Flow Bypass Coolant Flow

lop 20% 80% 90%

Pressure Drop Pressure Drop
Configuration (psi) (psi)

1 0.11 0.44 0.26 0.33

2 0.93 3.70 2.18 1.76

3 1.32 5.27 3.11 3.94

4 4.86 19.46 11.47 14.51

The bypass duct maximum wall temperature and external heat loss were

evaluated for the EBOR and MGCRT reactor operating conditions of 1300 F

and 1500 F coolant outlet temperature. The preliminary temperature and

heat loss data are presented in Table 1.8 as a function of external in-

sulation thickness, assuming the use of Johns-Manville Thermobestos(4 )

insulation.

Pressure Vessel Water-Flooding

A preliminary analysis was completed to evaluate the maximum permis-

sible temperature difference between the initial pressure vessel wall

temperature and initial coolant temperature for water-flooding of the

reactor. This analysis was based on the permissible stress not exceeding

5/8 of the endurance limit (defined to be the strength of the material at

107 cycles). The endurance limit strength was determined to be 30,000 psi(5)

for 387B (1Cr - 1/2 Mo) material in the temperature range between 50F and

800 F. The resulting permissible stress is 18,750 psi.
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Table 1.8

BYPASS PIPING PRELIMINARY DUCT TEMPERATURE AND HEAT LOSS DATA

Reactor Coolant Outlet Temperature

1300 F 15000F

Insulation Max. Duct Duct Heat Max. Duct Duct Heat
Thickness Temperature Loss Temperature Loss

(in.) ( F) (Btu/hr-ft2 ) ( F ) (Btu/hr-ft 2 )

0 752 30)49 884 3762

1/2 759 501 891 618

1 759 273 892 337
2 760 143 892 176

4 760 73 893 90

The temperature difference between the initial pressure vessel wall

temperature and initial coolant temperature was evaluated,(5) assuming

a step change in the coolant temperature remaining constant, and a permis-

sible stress of 18,750 psi. The heat transfer coefficient between the

pressure vessel wall and the coolant during the flooding operation was

assumed to be finite and developed through natural convection for tempera-

tures below 212 F. For conditions where coolant or wall temperatures were

212 F or greater, it was assumed that boiling would occur and an infinite

heat transfer coefficient was therefore used in the analysis.

The results of this study are presented in Fig. 1.14 which shows the

temperature differential envelope plotted as allowable coolant temperature

versus initial vessel wall temperature. The envelope is basically of

two regions; an area with a finite heat transfer film coefficient and an

area with an infinite or boiling film coefficient. Within the non-boiling

region, the maximum stress limiting temperature difference between the

initial vessel ,temperature and the coolant temperature is approximately

173 F. Within the region where boiling can occur, this allowable tempera-

ture difference is reduced to 67 F because of the increased heat transfer

coefficient.
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The data presented in Fig. 1.14 are preliminary due to the assumptions

of constant coolant temperature, no axial heat conduction through the

vessel wall and the effect of the transition to boiling on the heat transfer

coefficient. These data are conservative since an analysis which would

account for each of the assumptions would result in greater allowable

temperature differentials and increase the bounds of the envelope.

Similar investigations are in process to determine the effect of

flooding on the core components and to develop a flooding procedure and

flooding rate compatible with structural criteria and core physics limita-

tions.

Heat Load to Reactor Vault (V. H. Pierce)

The heat load transmitted to the reactor vault was determined for

operation with both the 850 F design point and the 1000F off-design point

pressure vessel wall temperature. This determination was made assuming

2-in. of Johns-Manville Thermobestos as insulation and a vault blower

delivery of 8000 scfm of air at 125 F. These data are reported in Table

1.9.

Table 1.9

HEAT LOAD TO REACTOR VAULT

Pressure Vessel Pit Wall Heat Load
Wall Temperature Temperature

(OF) (OF) (Btu/hr-ft2 )

850 125 170

1000 125 204

Proposed Development Program

In addition to the foregoing, an experimental program to test the

cladding under partially simulated service conditions has been proposed.

This program is based on the study regarding the nature of the loadings

to which the fuel pin cladding would be subjected throughout the operating

range.
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The following programs have been initiated:

a. Fabrication of the core element mockup experiment

Work is proceeding on the conceptual design of a dynamic

flow test of the mockup. The principle objective of this

test is to examine the vibrational characteristics of the

assembly.

b. Fabrication of the control element mockup

co An engineering study to develop the specifications for the

pressure vessel seals.

This study will include an investigation of (1) the flange

details required, (2) the details of the seal configuration,

and (3) the handling problems peculiar to insertion and

removal of these rings and the operational problems associated

with internal pressure regulations.

EMERGENCY COLANT SYSTEM (TASK 9) (H. C. Hopkins)

Thermal Emissivity Coefficient of Hastelloy X

The coefficient of thermal emissivity of Hastelloy X is required to

estimate the temperature of the EBOR fuel pins during emergency conditions

when radiation heat transfer becomes a significant cooling mechanism. Be-

cause the coefficient of a metallic material varies widely with the surface

conditions, care has been taken in this series of experiments to duplicate

reactor thermal conditions. The test pin clad with Hastelloy X was of

approximately the same diameter as the actual EBOR fuel pins. The pin

was placed in a large cylindrical enclosure (Fig. 1.15) which had a coef-

ficient of thermal emissivity of (f 0.80) and cooled to 60 F to minimize

re-radiation and reflection. The coefficient of emissivity was measured

in a vacuum (ol to 20 p) to eliminate heat transfer due to convection

and conduction after exposure of the cladding to various environments. The

cladding surface temperature ranged from 1300 F to 1700 F. The value

obtained was the total hemispherical emissivity. The samples were heated

as follows:
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1. To 1700 F in vacuum

2. To 16500F in helium; 163 hrs

3. To 1700F in vacuum

4. To 14250F - 1550 F in air; 64 hrs

5. To 1700 F in vacuum

Table 1.10 summarizes the data accumulated to date.

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

Heterogeneous Fuel Element

On January 6, 1961, a 19-rod bundle test fuel element was inserted

into the Hanford DR-1 Gas Loop. The purpose of this experiment is to

continue the series of tests aimed at the development of a satisfactory

fuel element for the Maritime Gas-Cooled Reactor. This test element,

designated MGCR-HDR-3, is a shortened section of the MGCR 19-rod bundle

fuel element (Fig. 1.16). The test conditions for the element to date are

given in Table 1.11.

The initial goal of the experiment which was to operate the element

satisfactorily for 1000 hrs with a 15000F maximum surface temperature,

was accomplished early in March and it was decided at that time to continue

the test to obtain additional endurance data.

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

Ball-Nut Lead Screw Environmental Test Program

Tests have been continuing on the ball-nut lead screw assemblies

operating in a helium environment having 2 to 7 ppm total oxidizable im-

purities. The first ball-nut lead screw assembly tested this quarter

incorporated a modified Nitralloy 135 screw coated with Electrofilm No.

4396 and tungsten carbide balls. This lead screw and nut test assembly

performed satisfactorily under 250-lb. loads for the following number of

cycles at the temperature indicated:

7000 cycles at 300F

5600 cycles at 400F

5960 cycles at 500 F
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Table 1.10

THERMAL EMISSIVITY COEFFICIENT OF HASTELIOY X

Test 2a: Measurements on as received cladding in vacuum (>:1 to i0o.).

Test 2b: Measurements after 163 hrs in helium (30 ppm oxygen) at 1650 F

in vacuum ( 'l to l0).

Test 2c: Measurements after 64 hrs in air at 1425 F to 1550 F in vacuum

(mil to 10g).

Emissivity Surface Temperature
E~rLLS s y (F)

1300 1+00 1500 1600 1700

Test 2a 0.50-10% 0.40-10% 0-38 10% 0.35+ 10% 0.43 8%

Test 2b 0.48 10% 0.45 10% 0.4010% 0.43-10% 0.47y 8%

Test 2c 0.48-10% 0.49 10% 0.58. 10% 0.56+8% 0.58 + 7%

0
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Table 1.11

TEST CONDITIONS FOR MGCR-HHDR-3

Coolant

Coolant impurity level

Power

Maximum surface temperature

(design point condition)

Inlet helium temperature

Outlet helium temperature

Helium pressure

Helium pressure drop

Radiation monitor No. 1

Gamma analyzer - set at 0.233 mev

(Xe-133)

Operating time at design conditions

June 28, 1961

Thermal cycles

. 4.

Helium

100 ppm oxidants

40 Kw (Design)

32-38 Kw (Actual)

1500 F

880-1000 F

1125-1200 F

215 psia

2.5 psia

10-15 mr/hr (normal background)

Normal background

2500 hrs.

13

At 5960 cycles, the test rig was shut down when the torque meter gave

evidence of erratic operating conditions. Inspection revealed flaking

and chipping had occurred at various places on the edge of the thread.

Failure has tentatively been attributed to metal fatigue; a metallurgical

analysis of the screw is therefore being performed.

Tests were also begun on a second ball-nut lead screw assembly. This

assembly incorporates a 416 stainless steel Tuftrided screw coated with

Everlube 811 dry film lubricant and tungsten carbide balls. The unit was

dimensionally checked and inspected for cracks by both Zyglow and Magnaflux

processes prior to testing. After operating for 2900 cycles at 300 F

under 250-lb. load, the rig was shut down when it became noisy. Examination

of the test screw assembly indicated no significant wear nor adverse effects

on the test screw. The noise was attributed to excessive wear of a portion
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of the main support bearing which carries both the screw test assembly

plus the 250-lb. test weight. This bearing had been used throughout much

of the previous screw testing and had been exposed to temperatures ranging

from 300 to 5000F for over 100,000 cycles. A detailed inspection of the

bearing has started.

EBOR Experimental Control Rod Drive Mechanism

Inasmuch as the first electric positioning motor delivered by the

vendor did not meet specifications, it was rebuilt to deliver required

torque. The control rod drive mechanism was reassembled with the rebuilt

motor and a further series of positioning and scram tests conducted. The

positioning tests were performed at room temperature over a wide range of

loads to ascertain whether: (1) positioning motion characteristics would

vary, (2) whether the rebuilt unit would deliver the specified torque, and

(3) to measure the actual velocity ratios between the fast-and slow-speed

windings of the two-speed motor. Figure 1.17 shows that very little velocity

variation occurred as a function of load. This indicates a stable posi-

tioning system. During the tests, the highest speed gear ratio was installed

on the motor, (i.e., that gear set which gives the least mechanical advan-

tage and causes the motor to develop higher torque to position a given load).

The design objective with this gear set calls for a positioning motion rate

of 20-in/min with the high speed or "fast insertion" winding of the motor,

and 10-in/min with slow speed motor winding. The measured ratio between

fast and slow speed was 2.14:1 as contrasted with the 2:1 design objective.

Additional tests are planned with other gear ratios. The lowest gear ratio

set on hand will permit rod motion rates of 4 and 8-in/min, respectively,

although the design will permit future utilization of gear sets which can

be used in the system to reduce positioning rates to as little as 2- in/min

with the low-speed motor winding.

A series of scram tests with helium has been conducted on the drive

assembly at room temperature in the cold test rig.

The valve assembly operated satisfactorily during these tests and

the pneumatic scram motor developed the specified displacement rates from

the "full out" rod position to core midplane. Tests performed by the
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United Testing Laboratories for the vendor of the scram motor, however,

indicated the motor mass flow to be approximately 100% higher than the

value originally indicated by the vendor, (i.e., 0.15 lb/sec). Calculations

show 80% of this mass flow to be due to leakage; as a result, the unit is

unable to perform efficiently as a compressor during the deceleration

portion of the scram stroke, at which time, it is required to absorb energy

from the drive line.

As downward drive line loads are increased, compressor characteristics

become even more critical due to the higher kinetic energy that has to be

absorbed by the motor.

Although the scram motor was designed to permit the addition of seals

with only minor modifications, it was indicated by the vendor that such

seals should, in fact, be unnecessary. However, in view of the high leak-

age rate referred to above, consideration is now being given to the addition

of shaft seals to the existing motors.

Further acceleration and deceleration data will be obtained during

forthcoming tests with the drive mechanism installed in its containment

thimble.

A scram gas receiver has been set up and provisions made to pres-

surize the upper drive section. A series of positioning scram tests will

be conducted with this arrangement, thereby more accurately representing

actual operating conditions of the various components and the effect of

ambient pressure on their performance.

The drive mechanism is presently being installed in its containment

thimble, a scram gas receiver has been set up, and provisions made to

pressurize the upper drive section. A series of positioning and scram

tests will be conducted with this configuration, thereby more accurately

representing ambient pressure conditions of the scram motor and valve

assembly.

Control Rod Drive Environmental Test Loop

Upon delivery of the high-pressure, high-temperature test autoclave

to Solar Company, the honeycomb-type metallic internal insulation and
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internal thermocouples were installed and the unit shipped to General

Atomic where the test loop installation was begun in the Canyon Test

Facility. Figure 1.18 shows the installation operation.

FUEL HANDLING SYSTEM (TASK 11) (T. B. Pearson, F. J. Liederbach,
T. L. D. Lynxwiler)

Several types of fuel handling systems have been investigated to

determine the most suitable system for EBOR. The system selected for

development prior to the decision to utilize the Shield Test Fcility

(STF) was a flexible-cable-type utilizing a floor-mounted bridge with a

special purpose hoist, (see Fig. 1.19). This system relies on water cover

to permit direct access to the core without the need for penetrating solid

shielding.

The following criteria were adopted for the fuel handling system:

1. The mechanical system must be sufficiently flexible so that

it cannot impose excessive side loads on a fuel element during

removal or insertion.

2. The drives for the hoist, trolley, and bridge shall be manual.

3. Visual guidance shall be used for all positioning operations.

Reliance upon mechanical indexing for positioning shall be kept

to a minimum.

4. The system shall be designed for maximum safety and reliability

compatible with efficient operation.

5. Standard components and construction shall be utilized wherever

possible.

The fuel handling system must be capable of performing the following

operations: remove and install the fuel elements, the reflector elements,

the control rods, the top core support plates, the core plenum chambers

and the auxiliary control rods and drives.

The basic components of the fuel handling system, as illustrated in

Fig. 1.19, are as follows:

Bridge

The fuel handling bridge spans the reactor vault and travels on rails

the full length of the reactor vault and the fuel storage pit. The bridge

is manually driven by an operator at the control platform.
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Trolley

The trolley is carried by the bridge and travels ten feet on either

side of the center line, and supports the operator, the controls for the

fuel handling system, and the television monitor and controls. The trolley

is manually driven.

Guide Tube

The guide tube is suspended from the carriage and extends to within

12-in. of the top of the pressure vessel flange. The purpose of the guide

tube is twofold: (1) to provide the necessary guidance to the grappling

tool, and (2) to provide a protective housing for the fuel element during

transfer. The guide tube is made in two telescoping sections so that the

lower section may be raised out of the way when handling a control rod.

Grappling Tool

The grappling tool is suspended within the guide tube and is supported

by cables from the trolley. Two sets of telescoping tubes are used to

control the grappling tool. The telescoping feature is required because

of overhead height limitations.

The jaws of the grappling tool work on a scissors principle. They

are forced open and closed by the wedge-shaped plug on the end of the

actuator shaft. The jaws overlap underneath the fuel element lifting pin

and are shaped to cradle the pin so that the jaws can not open accidentally

while they support the fuel element.

The actuator plug is driven from the control station by the rotary

motion of a set of keyed telescoping tubes. The actuator shaft is locked

by interference gears when the load is carried by the lifting cables.

When the load is removed from the cables the lifting collar drops to the

permissive position. The radial orientation of the tool is controlled by

a second set of telescoping tubes which connect the tool to the control

platform on the hoist trolley.

The grappling tool is raised and lowered by a manual winch at the

control station. A torque-limiter is provided on the winch so that it

will be impossible to transmit excessive forces to the fuel element. The

lifting cables will be fitted with a locking device so that the tool can-

not be raised unless the jaws are either fully open or fully closed. The
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position of the grappling tool jaws (open or closed) is indicated by a

gear-driven pointer at the control stand. The vertical position of the

tool is indicated by a counter attached to the slow-speed shaft of the

winch.

As a result of the recent decision to locate the EBOR at the Shield

Test Facility, investigations are being made of the suitability of the

existing STF equipment for application to EBOR operations. In particular,

the STF instrument bridge will provide a very accurate and stable platform

for the fuel handling tools. The instrument bridge is remotely controlled;

the end of the mast can be positioned anywhere in the pool with an indica-

ted position accuracy of - 1 millimeter.

The remote control and the positioning accuracy of the instrument

bridge suggest the possibility of developing a dry (remote) refueling

system for EBOR in parallel with a wet system. A dry refueling system

offers several advantages over a wet system:

1. Dry refueling would not subject the reactor vessel and core

components to the corrosive action of water.

2. The reactivity hazard associated with water flooding is reduced.

3. A dry fuel handling system provides more rapid access to the

core; the time requirements for flooding and drying may be

eliminated from the refueling cycle. It is envisioned that normal

fuel handling operations on EBOR will be performed on a dry basis.

More complex and emergency operations in EBOR and the conversion

to the MGCRT core will be performed with the system flooded.

Auxiliary Control Rod and Drive System During Fuel Handling Operation

During wet refueling operations the reactor vessel and reactor vault

are flooded with water for shielding purposes. Since the water adds con-

siderable reactivity to the core, it is desirable to have safety shutdown

control in addition to the permanent control rods whenever fuel is being

added to the core. A conceptual design of an auxiliary control rod and

drive system (Fig. 1.20) was developed for this purpose. This system would

be installed on the reactor vessel only during fuel handling operations.

Four hollow cylindrical control rods are used. Each rod is contained with-

in a tube which provides scram guidance of the control rod from its full-up
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position to its full-down position. The guide tubes are inserted in

reflector elements adjacent to the fueled portion of the core.

The scram speed of the control rods must be at least as fast as the

speed of free fall in water. In order to guarantee that the time require-

ment is met, the control rods are given an impulse by a scram spring at

the beginning of the stroke. In this concept the control rods are suspended

by cable or tape from the drive mechanism which is mounted outside of the

reactor vessel flange. The auxiliary drive system components are arranged

so as to offer minimum interference with the fuel handling operations.

The auxiliary control rods will scram into the core upon the actuation of

the release device. The drive mechanism is provided with a braking system

to decelerate the rod at the bottom of the stroke. As a back-up to the

braking system, a snubber can be incorporated in the bottom of the guide

tube.

INSTRUMENTATION (TASK 14) (W. Lones)

The design of the core element and bottom grid plate connectors and

the core element sensors has been completed.

The connectors incorporate electrical contacts for two thermocouples

housed within the core element which sense the outlet temperature of the

coolant past the fuel pins; in addition, a pneumatic connection is made

to withdraw a sample of the outlet coolant gas for fission product analysis,

and another connection is provided for the insertion of an activation wire

for the determination of the neutron flux profile of sixteen selected EBOR

core elements.

The two thermocouples consist of flat high purity alumina beads with

rounded sides contained within a metallic thin wall tube. Unless future

tests dictate otherwise, the material of these wires will be special alloys

having characteristics similar to Chromel P and Alumel but more stable and

oxidation resistant at the higher temperatures.

The connectors and sensors will be subjected to a number of environ-

mental tests to determine the generation of noise at the contacts, the

deposition and shorting effect of rust (which will be formed during re-

fueling operations with the reactor vessel flooded), the effect of thermal
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gradients in the core, and the lifetime of the wire connections at the

contacts under vibration. The nuclear radiation environment will not be

simulated, but a study of available data is being made to determine the

connector and sensor lifetime.

REFERENCES

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

Reactor Program, Quarterly Progress Report for the Period Ending

March 31, 1961, General Atomic Report GA-2178.

2. MGCR Project Staff, MGCR Project Monthly Technical Progress Report,

General Atomic Report GACD-2182, March 1961.

3. K. A. Trickett, et. al., Metallic Insulation, MGCR Reactor Design

Section Status Report on MGCR as of June 30, 1960, General Atomic

Report GAMD-1518, pp 45-46, July 24, 1960.

4. Johns-Manville, Johns-Manville Thermobe st os Pipe and Block Insulation,

Bulletin IN-169A, December 1955.

5. Bureau of Ships, Tentative Structural Design Basis for Reactor Pressure

Vessels and Directly Associated Components - Appendix X, Stress Criteria

and Calculations, pp 43-123, December 1, 1958.



II. ROTATING MACHINERY

WESTINGHOUSE TEST PROGRAM

TURBOMACHINERY DEVELOPMENT (TASK 14)

During this quarter, the MGCR turbomachinery design effort was con-

centrated on modifying the present design to provide for raising operational

capability from 1300 F to 1500 F maximum temperature. Other than substitu-

ting different materials in the blades and discs, redesigning of the cross-

over zone is the major requirement for reaching 1500 F operational capability.

In the new design, the bearing housing is supported by four radial

struts carried by cantilevered beams attached to the blade ring. The beams

provide flexibility for thermal differential expansion in the radial direc-

tion. The structure is stiff enough to confine normal rotor vibration to

the bearing oil film proper. Oil and gas lines which pass through the

radial struts are supported so as to be independently flexible.

Studies have indicated that with 10% of the gas flow bypassing both

turbines, (compressor bleed), temperatures of 1500*F could be reached with

the machinery matched for normal 1300 F operation. Under compressor bleed

or bypass operation the cycle efficiency and output power are essentially

those obtained at 1300 F, but internal temperatures and work rates approach

the 1500"F condition, thereby providing a reasonably good mechanical test

of the machinery.

To obtain the full potential of 1500 F operation will require matching

the blade path of the machine for this purpose. It has been determined

that this is most easily achieved by adjusting the compressor turbine flow

characteristics. To convert from 1300 F to 1500 F requires increasing the

gas flow capability of the compressor turbine by replacing the stationary

vane assemblies.

The part load performance of the plant when matched at 1500 F is

shown in Figs. 2.1 - 2.3. It can be seen that the machinery characteristics,

except for level, have not changed significantly.
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Hood and Diffuser Development

Performance evaluation tests were started on two more of the stationary

components for the proposed reference design turbomachinery: (1) the low-

pressure and high-pressure compressor diffuser and exhaust hoods, and (2)

the compressor turbine diffuser and exhaust hood.

The compressor diffuser considered.provided satisfactory over-all per-

formance results over the range tested. Static pressure recovery was almost

constant at 0.470 inlet velocity heads with total pressure losses within

the original estimated values. Only the high-pressure compressor shape was

tested as both diffuser6lin the MGCR turbomachinery are geometrically

similar with equal area ratios. However, each of the exhaust hood collec-

tors was tested. These tests indicated that no adverse conditions will

result because of hood shape, exhaust pipe size, or pipe location. Inlet

velocity profiles remained uniform with no discernible circumferential

variations in flow. The over-all performance characteristics are shown

in Fig. 2.4. It can be seen that the hood represents only 1/5 of the

total loss for the combined diffuser-hood combination. These results,

which are indicative of hoods adequately sized for the associated machinery,

show that no difficulty should be experienced in the prototype machine.

Evaluation testing of the compressor turbine diffuser model was

started. Runs were made at different inlet flows to determine the effects

of Reynolds number on performance, with undisturbed axial inlet flow.

Future testing on this model will be concerned with hood effects and in-

vestigations into the effects of diffuser inlet-flow swirl angles and

inlet-flow turbulence levels.

Compressor Development

During this period tests were conducted to study the effect of stage

loading in the compressor. Three basic loading configurations are planned

with possible variations in solidity to optimize each configuration. Two

loading configurations were completed: (1) mean loading with a 75 blade

rotor solidity and a 66 blade stator solidity, and (2) high loading, 10%

higher than mean, at the same solidities as number 1 above.
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These tests showed that peak efficiency fell off 0.8% for the high

loading configuration. A direct comparison is given in Table 2.1.

Table 2.1

COMPARISON OF MEAN AND HIGH LOADING CONFIGURATIONS

Configuration Mean High

Stagger angle

Rotor 290 00' 260 30'

Stator 430 18' 40 18'

Maximum efficiency 88.4% 87.6%

Pressure coefficient

(at maximum efficiency) 0.620 0.625

Figure 2.5 summarizes the performance data obtained for the high and mean

loading configurations.

A low loading configuration, to be tested for comparative purposes,

was theoretically optimized with a 66 blade stator and 63 blade rotor.

The stator angles are set at 400 451; the rotor at 300 30'. For this test,

the inlet guide vane stagger angle will be changed from 180 30' to 220 00'.

This configuration can be compared to a mean loading configuration at the

same solidity.

The higher loaded stage configuration would permit the saving of a

few compressor stages if a compromise in efficiency could be justified.

It appears, however, that this is not economically warranted in this com-

pressor design. Unless substantial savings exceeding 30% of the capital

investment in compressor component costs can be achieved in staging, it

becomes difficult to justify even small losses in compressor efficiency.

It appears that the compressor design is optimized approximately at the

mean loading configuration for blades having the test blade camber. Blades

having higher camber could be expected to optimize at higher loads.
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Turbine Development

Tests were completed on the second stage shrouded turbine blades

(Configuration 2)(l)during the past quarter. A statistical analysis was

made of data obtained at pressure levels of 2 and 3 atmospheres, at a

pressure ratio of 1.25, and a velocity ratio of 1.0. Comparison of the

test results at three atmospheres inlet pressure showed that 90% of the

efficiency values were reproducible to within 0.8%. The arithmetic

mean efficiency at three atmospheres inlet pressure was established as

92.2% with a standard deviation of 0.4%. At two atmospheres inlet pres-

sure the mean efficiency was 91.8% with a deviation of 0.7%. A weighted

average of these results gives an efficiency of 92.1%.

Since the mean efficiency of the tests carried out at two atmospheres

is within the tolerance of the three atmosphere results, the validity of

the dynamometer tare values used in the calculation of the turbine power

output was confirmed. With values of air flow substantiated by calibration

of the flow nozzle and the pressure ratio checked by duplicate pressure

readings, the level of efficiency values was considered accurate within

the tolerance indicated..

The composite turbine field of the second stage blading based on the

results of the test performed is shown in Fig. 2.6. Figure 2.7 shows

the variation in flow characteristics over the range of pressure ratios

from 1.15 to 1.35. This curve will be important in establishing the part

load performance for matching the components of the MGCR cycle,

With the conclusion of these tests, the second stage components were

replaced with first stage components (Configuration 3)(l) This configuration

consisted of shrouded rotating blades with a hub-tip ratio of 0.69 compared

to 0.72 for the first stage blades. Stator solidity was set at 50 blades

and rotor solidity at 45 blades. The tip clearance was established at

0.001-in. per inch of diameter.

Preliminary tests were run on this configuration at pressure levels

of two and three atmospheres at a pressure ratio of 1.25. The limited

data obtained to date appear consistent with data obtained on the second

stage (Configuration 2) However, it will be necessary to complete testing
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over the full range of velocity ratios and pressure ratios to confirm

performance characteristics

Subsequent plans involve evaluation of unshrouded blades, clearance

effects, solidity effects, and turbine flow characteristics to establish

design criteria for a compatible design to match components in the 1300 F

to 1500 F temperature range.

REFERENCES

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

Reactor Program, Quarterly Progress Report for the Period Ending

March 3.1, 1961, General Atomic Report GA-2178



III REACTOR PHYSICS

EXPERIMENTAL PHYSICS (TASKS 13,22) (J. M. Stein, L. R. Amyot, S. H. Levine,

A. J. Goodjohn, A. D. McWhirter, H. A. Vieweg)

Experiments on the EBOR Critical Assembly

In order to bring the available shutdown reactivity above the 2% Sk/k,

as required by General Atomic regulations and procedures, a fifth fuse was

added to the critical assembly and operation was resumed. The following

measurements were subsequently made:

(1) The worth of the BeO at the center of the core was measured

by removing 17.6 lbs of BeO; it was found that this amount

was worth approximately $1.3, or a reactivity coefficient

of 0.4 cents/mole.

(2) The worth of fuel in the outer row of cells was found to be

8 cents/mole for fuel in a standard channel and 18 cents/mole

for fuel in a meltdown channel.

(3) The worth of polyethylene was found to be approximately

9.1 cents/mole about 6 inches from the center of the core.

(4) The effect of two meltdown channels was measured in one of the

meltdown cells and the total worth was approximately 0.5 cents.

The low indicated worth of the meltdown channels and the high indicated

worth of polyethylene in the assembly contributed to a decision to change the

experimental program in order to obtain data on a simulated water-flooded

assembly prior to completion of the dry assembly program. In the revised

experimental program,(l measurements will be made on three discrete cores speci-

fied according to different h/BeO moderator ratios. For each of the three

cores a study will be made of the U-235 content as a function of uniformly

distributed boron content, and of the integral reactivity worth of the safety

and control devices. In addition, differential measurements will be made on

the reactivity coefficients of various materials as a function of position

in the assembly; neutron flux distributions will be studied by foil activation

techniques.

65
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The first core in this series (designated 1-A) is described in Table

3.1.

Table 3.1

CORE 1-A MODERATOR CONTENT

Moderator Content(Kg)

Ring Cells BeO Polyethylene H/BeO

I 15, 16, 21, 22 46.08 3.784 O0293

II 8, 9, 10, 11 166.0oo 15.37 0.331

14, 17

20, 23

26, 27, 28, 29

III 1, 2, 3, 4, 5, 6 324.00 26,77 0.295

7, 12

13, 18

19, 24

25, 30

31, 32, 33, 34, 35, 36

TOTAL 536.08 45.924 0.306

Side reflectors 1869.93 64.26 0.123

Two end reflectors 184.76 27.83 0.538

Figure 3.1 is a schematic drawing of the end face of the reactor. The H/BeO

ratio for this core is slightly greater than the presently contemplated H/BeO

ratio for the water-flooded EBOR core. Criticality of this core was attained

with a loading of 14.7 kg U-235. This core contains no boron except that re-

quired in the meltdown channels. Measurements of the worth of the safety

devices yielded the worths given in Table 3.2.
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Table 3.2

REACTIVITY WORTHS OF THE SAFETY DEVICES IN THE CRITICAL

CORE OF EXPERIMENTAL 1-A-1 CORE 1-A CRITICAL

LOADING 14.7 KG U-235

Item Quantity Measured Worth Required Limit

Dollars % 5k/k

Vertical safety rods 2 10.0 7o5 3 2.0

Horizontal rod 1 0.8 0.6 52.0

Fine vertical rod 1 0.02 0.015 Not specified

Safety fuses 1 1.05 0.79
Total 4 4.20 3.15 2.0

Meltdown (per cell,
polyethylene removed) 1 0.4 0.3

Total 4 1.60 1.20 1.0

Meltdown (no polyethylene
removed) 1 0.63 0.47

Total 4 2.50 1.80 1.O

The values indicate that the safety devices satisfy the requirements

for available shutdown reactivity for the assembly.

Reactivity coefficients of several materials have been measured and

reduction of the data is now in progress. Tables 3.3 and 3.4 summarize some

of the results obtained to date .
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Table 3.3

SOME REACTIVITY COEFFICIENTS OBTAINED IN THE

CRITICAL CORE OF EXP. 1-A-1, CORE 1-A

Item Reactivity Coefficient Remarks
(cents/mole)

Beryllium oxide 0.102 2.85 kg removed

Polyethylene 0.235 956 g removed from
center fuel channels

Gold 48.4 39.28 g Au foil
0.002 in. thick

Thorium 7.04 52.16 g Th-232 foil
0.0045 in. thick

Uranium-238 3.45 414 g U-238 foil
0.020 in. thick

Boron 324 12.69 g B-Al foil
0.005 in. thick

3.37 w/o % B
Dysprosium oxide 418 233 g Dy 0 tiles

0 .088 in. 3thick

11 w/o % Dy20

Values are all for the center of the core.

Table 3.4

WORTH OF FUEL IN THE CRITICAL CORE

OF EXPERIMENT 1-A-1, CORE 1-A

No. Cell Remarks Worth
(Cents/gm U-235)

1 15 Meltdown channel at core center
75.2 g U-235 0.084 in. total 320
thickness with 0.020 in. boron
stainless between the fuel plates,
each plate 0.042 in. thick

2 15 Same channel 75.2 g U-235 added
0.168 in. total thickness with + 232
same 0.020 in boron shim

3 14 Standard channel 108 g U-235 0.084 538
in. total thickness

4 14 Fuel thickness doubled + 214

5 13 Standard channel 108 g U-235
0.084 in. total thickness 391

6 13 Fuel thickness doubled + 179
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NUCLEAR DESIGN (H. A. Vieweg, L. R. Amyot, A. D. McWhirter, J. R. Seibold,
J. M. Stein

Analysis of Critical Experiments

Following initial measurements of the first experiment in the first EBOR

critical assembly, (2) the data were evaluated to check the reliability of the

calculational techniques to predict the performance of the critical experiments.

These calculations were completed during this quarter(4) and comprised four-

group perturbation theory estimates of certain additions to and removals from

the critical assembly. Table 3.5 is a summary of the comparison of experimental

and calculated worths for various perturbations.

Table 3.5

COMPARISON OF CALCULATED AND EXPERIMENTAL PERTURBATIONS

Perturbation Calculation Experiment

Insertion of 1 piece of polyethylene
in Cell 6 (wt = 29 gms, 1.62 in. x .031 in.) + 6$ + 9.1$

Insertion of 4 pieces boron in each quadrant
of Cell 10 (0.44 gms per piece, total of
7.04 gms, 1.62 in. x .005 in.) - 45$ - 40$

Removal of one fuel channel from
Cell 3 (326 gms U-235 total) - 20$ - 23$

The comparison shows good agreement between the calculated values and the

experimental results, and is sufficient to provide confidence in predicting

the behavior of future critical experiments.

Fuel Channel Storage Rack

Preliminary calculations had been made on the reactivity of the fuel

channel storage rack when flooded with wateri.3 During this quarter, further

calculations were made, using the same methods and constants as before, with

water on the outside of the rack but not inside between the two halves of the

rack. These calculations thus permitted interchange of neutrons between the

two halves, whereas the case of complete water flooding did not. The results
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showed that the assembly was still far from being critical for various U-235

and polyethylene contents. It was concluded that the fuel channel storage

rack was safe from criticality hazards as originally proposed. Approval per-

mitting the use of the rack was subsequently granted by the AEC.

Reactivity Effects During Flooding of EBOR

A series of ANGIE calculations was run to determine the change in

reactivity of the rodded EBOR core as water is gradually introduced. Figure 3.2

shows the reactivity increase as a function of water level, adjusted to agree

with the current design values of flooded and unflooded shutdown reactivities.

The maximum rate of reactivity insertion, given by the slope of Fig. 3.2, is

0.68% bk/k/in. The rate of water addition which will be consistent with the

rate of reactivity addition of 10 Sk/k/sec by withdrawing control rods, is

therefore 0.015 in./sec.

Equivalence of RZ and XY Views in Two-dimensional Calculations

In the analysis of the EBOR, it has been the accepted procedure to first

homogenize cross sections on an XY plane normal to the longitudinal axis, where

the detailed geometry could be taken into account, and then determine reactivity

with an RZ problem with the core radius and reflector thickness being chosen

on an equal area basis. In order to check the equivalence of the XY and RZ

pictures, a comparison was made on a core of infinite length so as to eliminate

the effect of axial leakage. In the XY view, the core and reflector followed

a rectangular pattern as close as possible to the physical configuration. In

the RZ view, of course, the core was a cylinder, and the reflector a cylindrical

annulus, with cross-sectional areas equal to those obtained in the XY view.

The net difference in reactivity was smaller than 1%. The larger eigenvalue

obtained in the RZ problem can be explained on the basis of the smaller surface-

to-volume ratio relative to the rectangular XY. The radial leakage must always

be underestimated in the RZ picture. But it should be noted that the larger

the core the smaller the difference and that the equivalence of the XY and RZ

views for the prototype reactor should be even better.
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Control Rod Thimbles

Estimates were made of the effect of incorporating Hastelloy thimbles

around the rods on EBOR fuel loading. For a 15-mil thick thimble, the U-235

loading would have to be increased from 100 kg to about 104 to 111 kg; for a

62-mil thick thimble from 100 kg to about 114 to 148 kg. The uncertainty

indicated by the range of loadings is a result of different methods of esti-

mating the effect. The actual loading should be between the limits.

Differential Rod Worth Under Flooded Conditions

A series of four neutron-group calculations was performed to study the

effect of water flooding on the reactivity of the EBOR. In particular, the

variation of the rod bank worth with insertion in the cold, water-flooded

EBOR was determined. The maximum differential rod worth was found to occur

with the rods at 85% insertion. As expected, the peak differential worth was

somewhat lower than the corresponding value for the hot-clean core.

Effect of Peripheral Steel on the Reactivity of EBOR

Because of the large albedo of steel for fast neutrons, it was suspected

that the thermal shield and pressure vessel might reflect back into the reactor

a considerable number of neutrons leaking out of the BeO reflector. This effect

was estimated by surrounding the reactor with an 11-in. annulus of steel and

boron. The resulting increase of reactivity was found to be approximately equal

to 1%.

Development of Codes and Methods

Heterogeneities and Spectrum

Revisions to the BIG-6 code were completed and the version of the

code useful in the thermal energy range was placed in operation. De-

bugging of the epithermal energy range program was being completed at

the end of the period. This program was found to be inadequate to

perform calculations on critical assemblies containing polyethylene

to simulate water-flooding conditions in EBOR; consequently, emphasis

was placed on preparing a new version, called BIG-6 POLY, to treat the

slab array configurations with polyethylene present, and to handle
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hydrogen slowing down in the spectrum calculations. The thermal range

version of BIG-6 POLY was placed in operation at the end of the period

and debugging of the epithermal range calculations was nearly completed.

Writing and debugging of the BIG-7 code to handle slab control

rods was completed and initial calculations started on dysprosium oxide

rods with a pure BeO medium between them. These calculations will

provide detailed cross section information on the rods as a function

of rod thickness.

Radiation Shielding

Heating

Heat generation rates in the EBOR control rods have been estimated

for purposes of establishing coolant flow requirements.

The average heat generation rate in the EBOR control rods at

47.5% insertion is 0.875 w/cc. The axial and radial distribution nor-

malized to the average heating rate is shown in Figs. 3.3 and 3.4

respectively.

Heating rates in the thermal shield and pressure vessel of the

10 Mw system have been estimated for purposes of determining the most

severe stress conditions. Previously, all information concerning heating

rates had been applicable to the 50 Mw system, which yielded the highest

radiation heating rate. Local variations of the heating rates will be

less severe for the small core due to geometrical effects.

Axial and radial distributions of the moderator heating rate at

47.5% rod insertion are shown in Figs. 3.5 and 3.6 respectively. The

data in both figures are normalized to the average heating rate. Heat-

ing rates in the core support plate were found to increase by 25% with

the removal of the borated region between the bottom reflector and the

support plate.
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Activation

Estimates were made of the dose rates encountered from the

activated pressure vessel head when transferred under dry conditions.

Results indicated that dose rates from the underside of the head are

90 r/hr, resulting almost entirely from the nonborated rod drive

coupling mechanism. Dose rates on the top side are less than 1 r/hr

at 5 ft from the top surface.

Fuel Handling

In order to evaluate the possibility of dry fuel handling, esti-

mates were made of the radiation levels encountered on floor level with

various access ports open. With the vessel head off, and a 48-in.
diameter shield plug removed, the dose rate 10 ft from the center of

the hole would be 265 r/hr. An unshielded fuel element suspended above

the hole would contribute 5600 r/hr to this location.

The dose rate received with the head still secured would be on the

order of 100 mr/hr from the 48-in hole. With a 6 -in. diameter plug in

the top shield removed, the dose rate 5 ft to the side would be less

than 1 mr/hr.

Instrumentation

Gamma and neutron radiation levels have been estimated at various

locations within the reactor cavity for purposes of establishing speci-

fications and techniques related to nuclear maintenance and instru-

mentation, and are given in Table 3.6. Gamma dose rates in the thermal

column are shown in Fig. 3.7 for the EBOR and MGCRT systems.
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Table 3.6 - GAMMA AND NEUTRON RADIATION LEVELS OF VARIOUS LOCATIONS IN THE EBOR AND MGCRT REACTOR CAVITY

Thermal Flux Fast Flux Gamma Dose

Plant Location (cm-2 - sec 1) (cm-2 - sec 1) ( r/hr )

EBOR 10 M 15 ft above thermal 4.9 x 10 4.9 x 10645
column in the instru- 6 6

MGCRT 50 M ment retraction tube 2.2 x 10 2.2 x106 68

EbOR 10 M Tube depressurization 0.112 x 108 o.645x 1010 196 x 104
junction box

MGCRT 50 M Incident radiation 0.168 x 108 0.286 x 1010 3.16 x 104

Top 0.168 x 108 0.286 x 1010 3.16 x 104
I MGCRT Flux wire storage

Bottom location 0.4 x 108 0.68 x 1010 7.5 x 10

Top 0.112 x 108 0.645 x 10 1.96 x 104
EBOR Flux wire storage

Bottom location 0.26 6 x 10 1.53 x10 4 .8 x 10
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Theoretical Physics (A. J. Goodjohn)

U-235 Cross Sections

A compilation of the latest revisions to the U-235 cross sections was

completed during this period. (4) The cross sections are compiled into a

100 energy point set covering the energy range 0.005 ev to 2.5 ev, and a

set of quarter-lethargy-group cross sections, averaged over a constant lethargy

flux, covering the energy range 0.414 ev to 107 ev. In addition, detailed

partial cross section curves covering the energy range 0.005 ev to 60 ev are

included in the report .

In order to check the validity of some of the approximations used in

the analysis from which the cross sections were derived, additional work was

performed during this quarter on making integral checks of the data. Compari-

sons were made between calculations of resonance integrals and capture-to-

fission ratios using the latest data and experimental determinations of these

parameters. The infinitely dilute fission resonance integral to 0.5 ev was

calculated to be 297.4 barns, one standard deviation from the latest reported
+ (5)value of 274 - 11 barns. A more detailed comparison over specific energy

ranges was made with data compiled by Bell at Los Alamos Scientific Laboratory.

The contributions to the total resonance integral were obtained from a paper

published by Mills.(6) The results are given in Table 3.7.

The main discrepancies appear in the energy range below 3.06 ev and

above 61.4 ev. The former discrepancy is likely due to differences in the

normalization to a consistent 2200 m/sec cross section. The latter discre-

pancy is unexplainable and further investigations of the high energy fission

cross sections appear warranted.

Integral checks on the average value of a, the capture-to-fission ratio,

were also made and compared with measurements of this parameter made in various

critical assemblies at Knolls Atomic Power Laboratory. The results are given

in Table 3.8.
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Table 3.7

GROUP-WISE COMPARISONS OF

CONTRIBUTIONS TO U-235 FISSION RESONANCE INTEGRAL

Fission Resonance Integral, Barns

Energy Range (ev) LASL Data General Atomic Data(5)
barns) (barns)

10 - 3 x 103 1303 17.0

3 x 103 - 454 15.8 17.4

454 - 61.4 35.0 44.9

61.4 - 22.6 59.7 53.7

22.6 - 8.32 58.2 6603

8.32 - 3.06 24.2 23.2

3.06 - 1.13 24.6 22.5

1.13 - 0.414 61.6 70.2

TOTALS 292.4 315.2

Table 3.8

CALCULATED AND MEASURED VALUES OF a FOR SEVERAL Be/U-235

Calculated Experimental

Be/U-235 Be/U-.235

50 o.488 33 0.5

100 0.565 1.37,5 0.52

200 0.556 178.5 0.52

500 00436 Edge 0.45

1000 0.360
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High Energy Moderator Cross Sections

Work on the high energy cross sections and the analyses of the recently

published data on the angular distributions of elastically scattered neutrons

on beryllium and oxygen and other moderators were completed during this period.

A report (7 including all of this latest data was published. The data con-

cerning angular distributions were analyzed in terms of the coefficients of

a Legendre polynomial expansion fitting the experimental data. The first six

coefficients of the expansion were computed for each center-of-mass experi-

mental angular distribution. The coefficients were plotted as a function of

energy and smooth curves were drawn through the plotted points in order to

obtain a multi-energy point set of coefficients. All of the high energy

partial cross sections for the moderators were re-examined and a similar

multi-energy point set tabulated for each moderator. The results were then

used to derive a set of quarter-lethargy-group cross sections and expansion

coefficients for use in the GAM-1 code for the calculation of fast neutron

spectra and group averaged cross sections.

Age Calculations

As integral checks on the analyses of the angular distributions of

elastically scattered neutrons and on the high energy cross sections for the

moderating materials, the GAM-1 code was used to calculate the Fermi age

to indium resonance energy for fission neutrons, Poa, Be and RaaBe sources

in the moderators and in moderator-metal mixtures. A report covering this

work will be issued shortly. Of pertinent interest is the age to indium

resonance energy for fission neutrons in beryllium and beryllium oxide. For

beryllium a value of 73.7 cm2(d = 1.85 g/cc) was obtained and for beryllium

oxide a value of 91.5 cm2(d = 2.80 g/cc). The former result is significantly

lower than the measured value of 80 + 2 cm2, but is comparable with the value

of 70.6 cm2 obtained by H. Goldstein and A. D. Krumbein at the Nuclear Develop-

ment Corporation of America by a moments method calculation using similar data.

The latter result is compatible with the experimental measurement of 93.4 cm2

4i% made at General Atomic and the moments method calculation of Goldstein,

et al., of 89.0 cm2. The ages calculated as above have been incorporated for

comparison into the report (9 on the experimental measurement of the Fermi

age to indium resonance for fission neutrons in beryllium oxide.
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IV. MATERIALS DEVELOPMENT (D. E. JOHNSON)

FUEL MATERIALS DEVELOPMENT (TASK 4) (J. Quirk, F. Lofftus, J. Furth,
K. Powell)

The objectives of this task are (1) to develop fuel bodies that will

exhibit superior performance during high-temperature reactor irradiation,

and (2) to develop methods for the economical fabrication of fuel bodies

for use in the MGCR.

Tests were conducted to assessthe properties (i.e., oxidation resist-

ance, compressive strength, and microstructure) of UO2 - BeO fuel specimens

previously prepared'for the MGCR-4 and MGCR-BRR-9 irradiation experiments.

Weight changes and compressive strengths of cylindrical fuel specimens

before and after heating for one hour, in air, at 400 C were determined.

Sintered fuel specimens composed of fine (c10 p) or coarse (150 p) U02

particles dispersed in a BeO matrix were tested. The results of these

tests (Table 4.1) indicate that the fine-grained fuel specimens have good

structural continuity and three to four times greater compressive strength

than the specimens made with coarse UO2. Both types of fuel were weakened

by a one hour oxidation treatment in air at 400 C; the coarse-grained

specimens showed appreciable weight gain during this treatment. The re-

sults of the chemical analyses of representative MGCR-4 and MGCR-BRR-9

fuel pellets are given in Table 4.2.

FUEL MATERIALS IRRADIATIONS (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.

Irradiation Capsule MTR-31-2

The examination of the MTR-31-2 fuel irradiation capsule in the

General Atomic Laboratory is continuing.(') The crushing strengths of

four BeO - U02 pellets from this capsule were determined and are presented

in comparison with similar unirradiated pellets in Table 4.3.

Powder from the crushed 80 v/o BeO - 20 v/o U02 pellets was leached

to obtain a solution of the uranium for isotopic analysis. The BeO powder

residue from the leaching operation was further crushed and ground to

86
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Table 4.1

PRE-IRRADIATION COMPRESSION STRENGTH AND OXIDATION RESISTANCE OF FUEL

SPECIMENS (70 V/O BEO - 30 V/0 UO2 (12% ENRICHED) FOR THE

MGCR BRR-9 IRRADIATION EXPERIMENTS

Treatment
of'

Specimens

.____ _ Compressive Strength _ _ __

U02 particle.
size, p Mean

Range

Max. Min.
Standard

Deviation

MGCR-14 AND

No.of'
tests,

Oxidation
we iht gain

gm/hrjw/o/hr

As fabri- 10 118,000 224,000 60,000 50,000 10 - -
cated (43%)

As fabri- 150 30,000 38,000 21,000 5,000 9 - -
cated (16%)

Oxidized(l) 10 57,000 92,000 314,000 18,000 9 0.0007 0.012
(32%)

Oxidized(1) 150 21,000 31,000 13,000 7,000 12 0.0118 0.234
(33%)

(1) The specimens tested for oxidation resistance were heated at
in air.

4000C for one hour

Table 14.2

PRE-IRRADIATION CHEMICAL ANALYSIS(1) OF FUEL SPECIMENS FOR THE

MGCR-14 AND MGCR-BRR-9 IRRADIATION EXPERIMENTS

Constituents 1 50- U02 in BeO 10-p U02 in BeO

U02 61.46 w/o 59.27 w/o

BeO 38.25 w/o 140.53 w/o

Al 3000 ppm 1300 ppm

B 3 ppm 3 ppm

Other elements c360 ppm or
not detected

(1) Analyses were made by Ledoux and Co., Inc ., on specimens of nomial

composition 39.03 w/o BeO, 60.97 w/o U02,12% enriched in U-235.
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obtain a specimen for X-ray diffraction measurements of the BeO lattice

parameters. The Debye-Sherrer method was used. Fogging of the film due

to the radiation from fission products in the BeO crystals was found to

be troublesome but measurable patterns were obtained. The lattice para-

meters as determined from these studies is presently being evaluated.

Table 4.3

AXIAL CRUSHING STRENGTH FOR 80 v/o BeO - 20 v/o U02 PELLETS

IRRADIATED IN CAPSULE MTR-31-2

Unirradiated pellets Irradiated to 2.6 x 1020 fissions/cm of pellet

Crushing strength (psi) Crushing strength (psi)

93,800 49,000

86, 500 62,000

78,500 210,000

318,000

86,ooo 159,750

Irradiation Capsule MTR-31-l(1)

The last of the MTR-31 (Fig. 4.1) series of three fuel irradiation

capsules installed in the Materials Testing Reactor in July, 1959, was

discharged from the reactor in March. This capsule was designated MTR-31-l;

the estimated burnup of the 30% enriched UO2 is in the range of 35 to 50%
2352

of the contained U atoms (over 100,000 MWD/ton U).

The examination of this capsule has been initiated. Attempts to

collect the gases from the inner capsule failed because of their premature

release during a machining operation. Four of the 316 stainless-steel-clad

specimens were found to leak and did contain some of the sodium-potassium

alloy in which they were immersed during irradiation. The two specimens

which did not leak contained graphite UC2 fuel. These two specimens were

punctured and the gases collected. The gas samples have been analyzed by

gamma spectrometric techniques and the results are under study.
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The two specimen claddings that contained graphite UC2 fuel pellets

exhibited negligible dimensional changes as determined by micrometer meas-

urements while the two specimen claddings that contained graphite UC fuel

pellets exhibited marked swelling (18% and 20% diameter increases, respec-

tively) as determined by measurements taken from photographs of the speci-

mens. The shape of the claddings containing graphite UC prevented accurate

micrometer measurements of their dimensions. Extensive crumbling of both

of the graphite based fuels was observed and dimensional and density changes

could not be determined for these pellets.

The two fuel specimens that contained 80 v/o Be0 - 20 v/o U0 2 were also

removed from the capsule and visually examined. Small blisters on the

cladding were observed and photographed. The claddings also exhibited

some distortion and diameter increase (0 and 4% diameter increase, respec-

tively). These two specimens contained eight 80 v/o BeO - 20 v/o UO2

pellets. The pellets were mechanically removed from their claddings. Four

of the pellets were found to be intact, while the remaining four were found

to be broken. Dimensional and density measurements are being made for the

four intact pellets and they will be crushed to determine the axial crushing

strength. The resulting powder will be used for burnup and X-ray diffraction

analysis. Metallographic examinations will be performed on a broken pellet

from each of the two fuel specimens.

The 316 stainless-steel claddings from the MTR-31-1 capsule were found

to be quite brittle during decladding. Samples were retained for later

examination.

Irradiation Capsule MGCR-4

The MGCR-4 fuel irradiation capsule contains 70 v/o BeO - 30 v/o U02

fuel pellets. Two types of fuel pellets are included in the capsule: (1)

pellets containing the U02 as a homogeneous mixture of finely divided

particles (10 p dia.), (2) pellets containing the UO2 in the form of large

(150 p dia.) particles. The objective of this experiment is to compare the

dimensional stability of the two types of fuel pellets under conditions of

high-temperature irradiation.
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The assembly and testing of the MGCR-4 capsule and its associated

temperature recording and control instrumentation were completed and

delivered to the MTR site. Irradiation began on June 16, 1961.

NON-FUEL MATERIALS DEVELOPMENT (TASK 24)

BeO Irradiations (J. M. Tobin, J. F. Quirk, F. H. Lofftus, B. Czech,
J. Furth, D. Guggisberg, K. Powell)

The objective of this task is to determine the behavior of BeO under

conditions of high-temperature reactor irradiation.

BeO Irradiation Capsule MGCR-1

The MGCR-l BeO irradiation capsule was discharged from the General

Electric Test Reactor on March 14, 1961, after irradiation to a measured

peak exposure of 2 x 1021 nvt ( -l Mev). The capsule was delivered to the

General Atomic Hot Laboratory in March, and was disassembled in April. The

BeO pellets from this capsule are presently undergoing extensive examination.

Numerous compositions, fabrication methods, and suppliers were represented

in the 19 types of material tested. The capsule had been irradiated for

four cycles in the E-5 (central) position of the GETR core.

This capsule contained 45 pellets 1/4-in. in diameter in 19 individual

pellet claddings. The internal capsule was found to be cracked and badly

warped (.-l-in. in 30-in.). During disassembly, it was also found that

several of the pellet claddings which were made of Monel had melted during

irradiation. This is believed to have occurred during a temperature ex-

cursion early in the first cycle of the irradiation.(2) Of the 19 speci-

mens, 17 were found to have large gas leaks. Gas samples from the two

remaining specimens were analyzed by mass-spectrometry. Helium and hydrogen

were found in the gas, but no tritium was measured. These two specimens con-

tained five BeO pellets, and their cladding is presently being chemically

removed. A mathematical analysis of the mass-spectrometer data will be

made.

The results of the initial attempts to remove the specimen cladding

mechanically, indicated that the pellets were fragile and easily chipped.

A method of chemical dissolution of the cladding was therefore developed

using a 3% bromine solution in alcohol. This was found to cause no change
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in the dimensions (to the nearest 0.0001-in.) or weight (to the nearest

0.002 gm) of either unirradiated (control) BeO pellets or irradiated

pellets. The majority of the pellets have been declad chemically.

Forty of the 45 pellets have been completely declad, photographed,

and measured for dimensional and density changes, (Table 4.4). Transverse

cracks have been observed and chips have been broken from the end faces

of several of the pellets. It is believed that at least some of these

defects may be related to flaws that occurred during the fabrication process

since the control specimens exhibit similar defects. However, a more care-

ful examination is required to verify this belief.

Neutron flux data obtained by gamma spectrometry analysis of nickel

dosimeter wires from the capsule are shown in Fig. 4.2. The neutron ex-

posures ranged from approximately 1 x 1021 to 2 x 1021 nvt ('l Mev).

Thermal diffusion and coefficient of expansion measurements will also be

made.

Work was begun on measuring the properties of beryllia ceramics, to

provide reference data needed for evaluation of the MGCR-l irradiation

experiment. Cylindrical beryllia compacts similar to the irradiation

specimens were fabricated for measurements of compressive strength, modulus

of elasticity, and hardness in Rockwell and Knoop numbers. Compressive

strength data on these MGCR-l reference specimens are summarized in Table

4.5. Rockwell hardness values for the unirradiated beryllia specimens

are summarized in Table 4.6. Additional tests, to assess strength and

optical properties of the beryllia specimens will be made next quarter.

BeO Irradiation Capsule MGCR-2

A second BeO irradiation capsule, MGCR-2, is being designed to study

the thermal stress resistance of BeO during high-temperature irradiation.

A total of seventy BeO specimens will be irradiated in the capsule.
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Table 4.4

DhhNSIONAL AND DENSITY DATA FOR IRRADIATE) BeO PELLETS FROM THE MGCR-1 CAPSULE

(1) (2) (3) Dimensional (4)
0 0 0

f 4 x Length Diameter Density Remarks

_ _ _ _PrePo_ t P re Post Pre Post

D
B
8

Iso.
P-S
Hot F

P-s

None
None
None

None

Dl
Bl
58
21
20
19

K5
K2
Kl

J4
J3
J2

46
45
44

70
68
67

64
62
61

E4
E2
El

74
75
80
16
13

G3
G2
G1

Brush
Nat. BeO
BeCorp

Brush

GA

GA

Brush

GA

GA

GA

GA

Brush

GA

0.7138

P-S 2.05T
Bettonit

P-S 1.0%-
Be btonit

0.735
0.708
2.000

0.5082
0.5095
0. 5110

0.423
0.407
0.338

0.424
0.436
:0.414

0.5088
0.5094
0.5097

0.307
0.352
0.330
0.344
0.322
0.377

0.440
0.450
o. 410

0.306
0.301
0.327

0.5045
0. 5055

0.400
0.428
!0.427

K

J

10

13

12

E

3

G

0.247
0.247
0.2453

0.2454
0.2455
0.2451

0.247
0.247
0.247

0.247
0.247
0.247

0.2454
0.2455
0.2455

0.239
0.239
0.239

0.239
0.239
0.239

0.247
0.247
0.247

0.239
0.239
0.239

0.2440
0.2450

0.247
0.247
0.247

2.87
2.93
2.97

2.82
2.81
2.81

2.80
2.81
2.79

2.75
2.80
2.78

2.53
2.75
2.65

2.87
2.87
2.88

2.85
2.86
2.86

2.66
2.69
2.68

2.86
2.86
2.87

2.89
2.89

2.84
2.85
2.86

broken during density determination (tube)
ends not parallel (tube)
disintegrated (granules) during density

broken during density determination
determination (c hips and granule s)

ends not parallel; large chips out of 1 end

broken during mechanical decanning

broken during removal from heater can
broken during removal from heater can
broken during removal from heater can

lost during decanning

ends not parallel
ends not parallel

broken during cleanup

broken during cleanup
broken during cleanup

ends not parallel

0.2490

0.2485
0.2471
0.2475

0.2474
0.2471
0.2476

0.2481
0.2482
0.2481

0.2456
0.2456
0.2456

0. 2401
0.2399
0.2402

0. 2405
0.2405

0.2486
0.2472
0.2481

0.2398
0.2403

0.2438
0.2459

0.2497
0.2498
0.2489

0. 5035
0.5115

0.14222
0.3651
0.3373

0.14239

0.4150

0. 3072
0.3518
0.3279

0.3211
0.3711

0.14813
0.4062
0.4098

0.3074
0.3010

0. 4019
0.4289
0. 4240

2.74
2.73

2.76
2.61
2.80

2.69
2.85
2.75

2.81
2.82
2.80

2.81
2.82

2.64
2.72
2.61

2.88
2.82

2.81

2.83
2.84
2.85

P-S

P-S

P-S

P-S

P-S

P-S

P-S
Ben

1.0%-
MgO

1.0-
MgO

0.5%-
MgO

0.2%-
MgO

1.5%
MgO

None

1.0%-
tonit

4 4a . L L



Table 4.4 (con't)

DMENSIONAL AND DSITY DATA FOR IRRADIATED BeO PELLETS FROM THE 1ICR-l CAPSULE

(1) + 42) () I Dimensional (4)
S o

Length Diameter Density Remarks22 I" 'Pre Post Pre Post Pre Post _

0.248C
0.247
0.2479

0.2466
0.246
0.246

0.2477

0.2473

2.84
2.83
2.85

2.90
2.90
2.90

2.93

2.90

2.83

2.83

2.85
2.85
2.85

2.88

2.82

H6
H2
Hl

40
37
36

A

Cl

___I h I I I I I I I I I he dineniy urtare accurate

UY

H

9

A

C

0.I78
0.450

e. 438

0.5100
0.5105
0.5098

0.678

GA

Brush

Nat. BeO

Coors

P-S

Be

P-s

P-S

Iso.

0.4787

0.4387

0.5124
0.5035
0.5118

0.6914

0.6836

2.0%
otoniil

1.0%.
MgO

1.5%-

203

0.247
0.247
0.247

0.2449
0.2450
0.2451

0.247

0.247

broken during mechanical decanning

ends not parallel (tube)

ends not parallel (tube)

(1) Pods listed in order from top to bottom
of capsule.

(2) Vendors -
Brush - - Brush Beryllium Company
Rat.BeO - national Beryllia
BeCorp - Beryllium Corporation
GA - - - General Atomic
Coors Coors Porcelain Company

(3) Method of manufacture -
Iso - - - Isostatic pressed and sintered
P-S - - - Pressed and sintered
HotP - - Not pressed

(4) Past irradiation dimensions are smallest
values measured after final cleanup and
decontamination.

(5) The post irradiation measurements are
accurate to the nearest 0.0001 inch.

None 1 0.690
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Table 4.5

COMPRESSIVE STRENGTH OF MGCR-l REFERENCE SPECIMENS

Specimens Compressive Strength (PSI)

No. BulkDensity Flux Addition Range Standard
teo- Ma

Tested gin/cc eiial compound o Mean nDeviation.

10 2.75 91.4 MgO 0.2 82,000 40,000 121,000 27,000
(33%)

10 2.88 95.7 MgO 0-5 11,000 74,000 147,000 21,000
(19%)

10 2.87 94.3 MgO 1.0 93,000 48,000 159,000 32,000
(34%)

10 2.85 94.7 MgO 1.5 85,000 56,000 117,000 23,000
(27%)

10 2.84 94.4 Al 0 1.5 88,000 41,000 164,000 42,000
2 3 (48%)

10 2.81 93.4 Bentonite 1.0 128,000 67,000 195,000 38,000
(1) (30%)

10 2.82 93.7 Bentonite 2.0 118,000 51,000 153,000 27,000
(1)_ _ (23%)

(1) Specimens made witn bentonite additive were fabricated from batches pre-
pared by ball milling for three hours; others were mixed by mortar & pestle.

Table 4.6

HARDNESS OF UNIRRADIATED BERYLLIA REFERENCES) SPECIMENS

No. of Speci- Additives No0 of Hardness, Rockwell Superficial (2
mens Tested (Compound w/o Tests Low High Mean

5 Mgo 0.2 15 70 95 86.2

10 Mgo 0.5 30 76 95 87.8

10 Mgo 1.0 30 77 94 87.2

10 Mgo 1.5 30 82 95 89A4

10 Al203 1.5 30 77 94 88.0

10 Bentonite 1 30 81 94 85.7

7 Bentonite 2 21 79 90 85.9

(1) Similar specimens were irradiated in the MGCR-1 experiment.

(2) A Brale indentor was used with a load of 15 kg.
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BeO Fabrication Development (J. F. Quirk, F. H. Lofftus, J. Furth, K. Powell)

Five EBOR square-annular BeO moderator module blocks were selected for

thermal fracture tests. The blocks were fabricated at General Atomic from

low-calcined BeO powder with 1 w/o MgO flux addition. They were formed by

compaction in a steel mold at 5,000 and 10,000 psi, and then were sintered

in air for two hours at 1540 0 C. The fabrication data, density, weight, and

dimensions for each of these test blocks are presented in Table 4.7.

Table 4.7

PROPERTIES OF BERYLLIS CERAMIC MODERATOR BLOCKS FOR THERMAL

FRACTURE TESTS

Pressed Finished Blocks 2)
Compact. Density Sintering Sintered Thick- Dia. o

peci- Pressure % of Theo- Shrinkage Density Weight Width ness Hole
en No. (psi) retical (%) gm/cc % Theo. (gms) (in.) (in.) (in.)

4 10,000 64.1 17.2 2.87 95.3 444.9 3.55 1.5 2.79

6 5,000 56.0 18.6 2.'89 96.0 458.0 3.55 1.5 2.76

7 5,000 54.5 18.7 2.85 94.7 458.0 3.55 1.5 2.76

8 5,000 ----- 18.9 2.88 95.7 478.9 3.55 1.5 2.71

10 5,000 53.5 20.0 2.86 95.0 480.5 3.55 1.5 2.70

(l)
Specimens 8

others were

and 10 were selected for. actual thermal fracture test. Three

prepared for use as thermal guards in the test assembly.

(2)Sintered blocks were diamond-ground to final dimensions on all surfaces

except the hole.

Creep and Stress Rupture Testing of Fuel Cladding Materials (A. F. Weinberg,
R. J. Coburn, R. Wallace)

The objective of this task is to provide required data on the creep

and stress-rupture properties of Hastelloy X, the fuel cladding material.

During this reporting period attention has been focused upon determining

the influence of the test environment on the creep-rupture properties of

this alloy.
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Tests have been conducted at 1600 F at two stress levels and in three

test environments. The test conditions employed and the data obtained are

summarized in Table 4.8. The range specified for the concentration of air

in the helium plus air environments does not indicate an inability to

analyze the gas composition more closely, but rather an inability to con-

trol the gas composition within closer limits during the prolonged test

interval.

The times-to-rupture data obtained experimentally are compared with

each other and with the manufacturer's data (interpolated for values at

16000F) in Fig. 4.3 and indicate:

(1) The stress-rupture life values :obtained in air and in helium

are the same within experimental error.

(2) None of the specimens tested (in any environment) had a stress-

rupture life exceeding 0.5 of the rupture-life expected from the

manufacturer's data.

Table 4.8

STRESS-RUPTURE PROPERTIES OF HASTELLOY X AT 16000F

IN VARIOUS TEST ENVIRONMENTS

Rupture Time of entry Reduc-
Stress life into tertiary Elon- tion of

Specimen (psi) Environment (hrs.) creep - (hrs.) gatiax area (

()

45-5 5900 Air 236 65 5.0 8.5

59-5 5900 Air 403 130 6.5 10.3

40-6 5900 He 232 100 3.0 2.3

44-3 5900 He+1250-1650 ppm air 665 335 7.5 20.7

53-3 5900 He+500-l000 ppm air 338 120 6.0 8.2

48-5 4100 Air 1871 570 5.0 9.7

46-6 4100 He 1899 1030 6.4 9.7
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It appears from these data that the rupture life may be improved by

an environment of helium to which small amounts of air have been added.

However, additional tests are required to verify this observation; such

tests are in progress.

Figures 4.4 and 4.5 present the creep curves obtained for all of the

specimens tested. With one exception (He + 1250-1650 ppm air) data for

all specimens tested with a stress of 5900 psi (Fig. 4.3) exhibit secondary

creep rates within a narrow range, 5 - 7.5 x 10-5 in/in/hr. The extremely

short time intervals over which secondary creep occurs in these specimens

make an accurate determination of the secondary creep rate difficult. It

is thought that the determined creep rates are the same within experimental

error. Both specimens tested at the lower stress level also had identical

rates of secondary creep, 3.1 x 10 in/in/hr.

A very striking observation is the early entry into third stage creep

which accounts for a large percentage of the total rupture life. The time

of entry into tertiary creep is given in Table 4.8, and in only two cases

did it exceed 50% of the total rupture time. In alloys exhibiting little

reduction of area third stage creep is associated primarily with crack

formation; specimens which have entered into this region would probably

be quite embrittled if cooled and tested at a lower temperature. This

would imply that uniform strain (at the completion of secondary creep) and

time of entry into third stage creep should be the factors used as design

parameters rather than the total stress-rupture life and the total strain.

Data in Table 4.8 indicate that there was little difference in the

ductility exhibited by these specimens. However, in all cases, the ductility

is quite low and the material qualitatively appeared somewhat notch sensi-

tive, often failing at the scribe marks that were used for measuring total

elongation.

The similar creep rates in different environments, but the different

times of entry into tertiary creep and the difference in the shape of the

creep curves in the third stage, indicate that if there is any effect due

to environment it is operative through its influence on crack propagation

characteristics. To examine this aspect, metallographic examination of
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several specimens was performed. Figures 4.6 - 4.8 show the results. It

is evident that crack propagation characteristics are indeed modified by

the environment. Edge cracking is not extensive in the specimen tested

in helium, and there is little secondary cracking in the region of fracture.

The specimen tested in helium plus a small amount of air exhibited more

edge cracking, but still no secondary cracking. The specimen tested in

air exhibited-both extensive edge cracking and numerous secondary cracks

in the region of fracture.

Examination of the cracks in each specimen led to the observation

that massive particles of a second phase (probably an oxide) are present

at the tips of cracks in the specimen tested in air while only moderate

amounts of the second phase were present in cracks in the specimen tested

in helium plus small amounts of air. No evidence of such a phase was

observed in the specimen tested in pure helium. The formation of this

phase can modify crack propagation in either of two ways: (1) blunt the

tip of the crack, thereby reducing the stress concentration and inhibiting

crack propagation, or (2) the oxide formed at the tip of the crack, having

a lower density than the metal, could exert a force as it is formed, there-

by accelerating crack propagation. More data are required to define accurately

the role of oxide formation in crack propagation characteristics of Hastelloy

X.

Future work will concern itself with additional tests to better define

the role of environment and with tests of specimens from different heats

of Hastelloy X to determine whether the low rupture lives obtained, as

compared to the manufacturer's data, can be attributed to manufacturing

variables.

Fuel Element Development (W. L. Wyman, W. H. Ellis)

The objective of this task is to develop methods for the fabrication

of fuel elements for the MGCR Program. Emphasis has been placed on the

development of the creep-shrink process.

Several mock fuel pins containing alumina pellets were successfully

creep-shrunk. The maximum total indicated runout obtained was 0.060-in.

The lengths of the pins ranged from 70-in, to 75-in. One EBOR fuel element
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module mockup fuel pin containing alternate alumina and stainless steel

pellets was creep shrunk. The total indicated runout for this pin was

0.150-in.

Preliminary measurements of the residual stress in the Hastelloy X

cladding of simulated EBOR fuel pins have been made using strain gage

techniques. The results of the measurements indicate that residual hoop

stresses in the range of 36,000 psi to 42,000 psi resulted from the creep

shrink process when alumina pellets were used as mock-fuel. Attempts are

being made to refine the measurements.

An approximate analysis of the creep shrink process for EBOR fuel

elements was performed. This treatment of the problem considered the

effects of creep and structural changes attending plastic flow over a

range of temperatures. The pertinent observations were that the metal

begins to strain harden at 1650 F, a rather high temperature, and that

the total strain associated with the cooling process amounts to 0.3%.

Taking into consideration the strain history, an estimate of the residual

hoop stress of 40,000, at room temperature, was made. This estimate is

in good agreement with the results of the preliminary measurements mentioned

above.

Development of Control Rod Materials (W. H. Morris)

The objective of this task is to develop and evaluate control rod

materials and fabrication methods.

A program of testing the alumina-dysprosia ceramic, for use in the

control rods, to evaluate its stability under various conditions is being

pursued. Pellets composed of alumina plus 10.5 w/o dysprosia were fabri-

cated at General Atomic and tested (1) in moist helium at 1500 F for

1000 hours, (2) in boiling water for 1000 hours, and (3) in tank helium

at 27320F (1500 c). The data on weight change occurring during heating

in moist helium and during exposure to boiling water are presented in

Tables 4.9 and 4.10. Only minor changes in the pellet weights were observed

(-0.26%). These results are interpreted to indicate that the alumina-

dysprosia ceramic pellets are resistant to attack by high-temperature

steam or boiling water. The tests are being extended to include compositions

containing up to 70 w/o dysprosia.
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Table 4.9

WEIGHT CHANGE DATA FOR Al20 3-10.5 w/o Dy203 PELLETS
0

AFTER EXPOSURE TO MOIST HELIUM AT 1500 F

Pellet Weight after time indicated (gmrs)JWeight
No. Initial 200 hrs 400 hrs 600 hrs 800 hrs 1000 hrs (%) Remarks

2.1268

0.6308

2.1038

2.3349

1.4904

2.1808

2.2479

2.3812

1.1428

2.1269

0.6309

2.1039

2.3351

1.4905

2.1809

2.2480

2.3812

1.1427

2.1269

0.6309

2.1038

2.3351

1.4907

2.1809

2.2480

2.3813

1.1427

2.1268

0.6308

2.1038

2.3351

1.4904

2.1808

2.2478

2.3810

1.1426

-0.019

-0.048

-0.024

-0.064

-0.04

-0.027

-0.11

-0.017

-0.026

Al2 03 only

A1203

Table 4.10

WEIGHT CHANGE DATA FOR Al203-10.5 w/o Dy203 PELLETS

AFTER EXPOSURE TO BOILING WATER

Weight after time indicated (gms) Weight

Pellet Initial 200 hrs 600 hrs 800 hrs 1000 hrs change Remarks
No. IIa

2.9341

1.9501

3.0940

2.1421

2.3902

2.3094

2.9341

1.9500

3.0940

2.1420

2.3896

2.3096

2.9345

1.9503

3.0940

2.1424

2.3902

2.3096

-0.15

-0.12

-0.18

-0.26

-0.084

-0.082

A1203 only

Al203

I1 4}.I - I ,

10-lB

10-2B

10-3B

1o-4B

10- 5B

10-7B

to-8B

10-9B

10-11B

2.1272

0.6311

2.1043

2.3366

1.4910

2.1814

2.2503

2.3814

1.1429

2.1257

0.6309

2.1038

2.3352

1.4906

2.1810

2.2480

2.3814

1.1429

10-13A

1o-14A

10-15A

10-16A

10-17A

10-18A

2.9389

1.9526

3.0994

2.1479

2.3904

2.3115

2.9337

1.9500

3.0935

2.1418

2.3898

2.3090

-
I -

--
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Additional Al20 - 10.5 w/o Dy203 pellets that were exposed to tank

helium at 2732lF (15000C) have exhibited less than 0.03% weight change.

However, the pellets containing 10.5 w/o Dy203 have changed to a deep

straw color and the Al203 to a pink color. Some of this change may be a

result of a fractured combustion tube that was discovered and replaced.

The pellets will be examined for microstructure changes after 1000 hrs.

of heating.

WESTINGHOUSE METALLURGICAL PROGRAM (TASK 5)

Stress-Rupture Tests

Inco 713C

During this reporting period, a vacuum melted, vacuum cast specimen

stressed at 70,000 psi ruptured in the smooth bar portion after 8,386 hrs.

In addition, an air melted, argon cast specimen stressed at 64,000 psi was

removed from test after an accumulation of 12,000 hrs.

Figure 4.9 shows that the stress-rupture points obtained in helium

for this alloy are well within the confidence limits.

Inconel X

Figure 4.10 presents the 13000F stress-rupture data for Inconel X

obtained from published data (air tests). Superimposed are the data points

obtained in helium. One specimen, stressed at 30,000 psi, ruptured in the

notched section after 6,961 hrs.

Data obtained shows that Inconel X alloy is notch sensitive at 13000F

in helium. However, it is known from existing air test data that Inconel X

exhibits marginal notch sensitivity in this temperature range.

Inco 700

Figure 4.11 represents published air test data for this alloy. Super-

imposed are test points obtained in air and helium. It can be seen that

at high stress levels, on the basis of these tests, the rupture life is

lower in helium than in air.



{"..I"%ft -ft *%- -

110

100

90

80

70

60

50

40

30

20

I0

0

'lUPPER 95% LIMIT

- - ,LINE OF MIN. DEVIATION

-- LOWER 95% LIMIT

0

0

100 1000 10000

TIME (HRS)

Fig. 40. 9-.-Inco 713C - 1300 F Stress Rupture Curve Double Vacuum Prepared - AGTD

--________I____ _-_____-__ - - --.
a-

(IwC,)
w

V,

------ - -

---- --- --

------------------

- ---

o - AIR, AIR MELT, ARGON CAST

--- < - AIR, DOUBLE VACUUM

-HELIUM, AIR MELT, ARGON CAST

- HELIUM, DOUBLE VACUUM

-- -- '-I-

--



80

70
INTERNATIONAL NICKEL CO. - PUBLISHED DATA

60

a.
50

o - AIR N
S40 X - HELIUM X X

c3 X HELIUM, NOTCH FAILURE N
N N

30
N

20

10

10 100
TIME (HRS)

1000 10000

Fig. 4.10--Inconel X - 13000F Stress Rupture Data Heat HT-8572 X



- - - - - - - -- - - ---- -

INTERNATIONAL NICKEL CO. - PUBLISHED DATA

x- x

j x

100 1000
TIME (HRS)

Fig. ,ll--Inco 700-1500 F Stress Rupture Data Heat HT-7652 X

80

70

60
--

Y 50

w 40

30

20

S0

10

o- AIR

X- HELIUM

N

10000

- ------

-------------

------ --

----- .-. _ - _ _-_. .. _ - ..

- - - ------ -.------- ---- -- ---. - ---i-i - - -- --i - -- -



113

W-545 Alloy

One test on W-545 alloy at 1200 F in helium was completed. The data

are presented in Fig. 4.12. The results show some scatter at the low

stress levels. Two specimens stressed at 55,000 and 50,000 psi, respectively,

ruptured in a similar time period about 6500 hrs. However, it can be seen

in Fig. 4.12 that these data points fall well within the confidence limits

established for this alloy.

D-979 Alloy

Figure 4.13 shows the 1200 F stress-rupture confidence limits established

for D-979 from air test data. Superimposed are the data points obtained in

both air and helium environments.

Both the evaluated air test data and the helium test data points ob-

tained on the D-979 heat fall along the lower confidence limit. It is

significant, that notch failures were obtained at the lower stress levels.

It is not known if this is a.property of the alloy or an effect of helium

environment alone. A more detailed investigation would be required to

determine the magnitude of the notch sensitivity problem of this alloy.

Fatigue Tests

It has been established that the axial fatigue endurance limit of

D-979 at 1300 F in helium is 42,000 psi rather than 40,000 psi previously

reportedly) This is only a 5% drop in fatigue strength from the 46,000

psi fatigue strength at 1200 F.

The axial fatigue strength of vacuum melted, vacuum cast Inco 713C at

1500 F was determined to be 26,000 psi. This compares to 34,000 psi obtained

at 1300 F.

The flexure fatigue strength of vacuum melted, vacuum cast Inco 713C

at 1500 F in helium appears to be 45,000 psi based on three points. The

flexure fatigue strength of Inco 700 at 1500 F is approximately 47,000 psi

based on two points. More points are required to establish the exact

flexure endurance strength of these two alloys in helium.
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V. SITE DEVELOPMENT

EBOR SITE DEVELOPMENT (TASK 18) (W. T. Furgerson, H. N. Wellhouser,
C. H. Carson)

A decision has been made by the Atomic Energy Commission designating

the EBOR site to be the Shield Test Pool Facility formerly used by ANP/GE

at the National Reactor Test Site. This facility contains two pools, each

25-ft. x 40-ft. x 28-ft. deep below main floor level. Although this facility

lends itself in many respects to EBOR use, extensive modifications will have

to be made. These include modifications to one of the two pools and the

extension of the high bay area of the building. Consideration is being

given to retain one of the two pools as a spent fuel storage area and for

reactor vessel head storage. The other pool will be modified to contain

the reactor and to provide space for the process piping.

The existing instrument bridge with some modification will te adaptable

to an EBOR fuel handling machine. Because of the precision qualities built

into this machine a dual (wet or dry) fuel handling approach will be followed.

Previous designs of the EBOR have been based on a wet refueling system.

The existing water treatment equipment is adequate for EBOR requirements

and will therefore be utilized as is with the exception of minor changes in

piping connections.

The existing instrumentation at the STPF was installed for purposes

other than reactor operation so major modification in this area will be

required. However, a considerable saving will be realized by using the

presently installed wiring, cable trays, conduit and instrument racks.

The electrical utility lines leading to the site have adequate reserve

capacity, however, the station service transformer system will have to be

augmented by a 1,000 KVA 13.8/2.8 Kv transformer to provide power for the

main helium blower.

The specifications for the Helium-to-Air Heat Exchanger have been

completed. This heat exchanger will provide the main heat dump for the

EBOR and will be used as part of the emergency cooling system when the

reactor is upgraded to 50 Mw(t). This heat exchanger will perform under

the following conditions:

117
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Inside Tubes

Fluid

Flow, lbs/sec

Operating temperature, oF

In

out

Operating pressure, psia

Allowable pressure drop, psi

Design pressure, psig

Heat exchanged, Btu/hr

Helium

13.9

725

150

1070

14.5 (max)

1250

35,800,000

Air Data

Altitude, ft .

Inlet Air Temperature, F

5000

90

There will be two fans, each with a two-speed electric motor. Servo-

actuated shutters will be used to regulate air flow to permit control of

the helium outlet temperature and to prevent back flow through a shutdown

fan when the other one is operating.
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