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I. DIVISION OF REACTOR DEVELOPMENT PROGRAMS

Topics in this report are letter-keyed to the Division of Reactor

Development Research Programs listed below.

a. GAS-COOLED REACTOR - OTHER

b. GENERAL RESEARCH AND DEVELOPMENT - CIVILIAN
Specific Fuel Cycle Analysis
Conceptual Reactor Design Studies

c. APPLIED AND REACTOR PHYSICS

High Temperature Reactor Physics Studies

d. REACTOR FUELS AND MATERIALS DEVELOPMENT
Swelling Studies
Nondestructive Testing
Uranium Ceramics Research
Irradiation Damage to Reactor Metals
Graphite Radiation Damage Studies
Metallic Fuels Development
Aluminum Corrosion and Alloy Development

e. REACTOR COMPONENTS DEVELOPMENT
Neutron Flux Monitors

f. PLUTONIUM RECYCLE TEST REACTOR
Plutonium Recycle Program
PRP - Critical Facility
PRP - Experimental Reactor Services
PRP - Processing of Spent Fuels

g. PLUTONIUM RECYCLE REACTOR - OTHERS
Plutonium Ceramic Research
EBWR Program

h. ENVIRONMENTAL STUDIES

i. LOW AND INTERMEDIATE LEVEL WASTE STUDIES

j. HIGH LEVEL WASTE STUDIES
Waste Calcination Demonstration - Design
Waste Calcination Demonstration - Prototype
High Level Waste Studies

k. NUCLEAR SAFETY
Containment Systems Experiment

1. 4
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QUARTERLY PROGRESS REPORT

RESEARCH AND DEVELOPMENT PROGRAMS

EXECUTED FOR THE DIVISION OF REACTOR DEVELOPMENT

APRIL, MAY, JUNE, 1964

II. INTRODUCTION

The programs sponsored by the Division of Reactor Development

at Hanford include studies on basic properties of fuel materials and fabrica-

tion methods, physics, chemical processing of reactor fuels and radioactive

waste, material development, irradiation effects on materials, fuel cycle

analysis and advanced concepts, instrumentation, and nondestructive testing

techniques. The results of these programs are broadly applicable to the

Civilian Application Program. This report describes the progress made on

these studies during April, May, June of 1964. * Each section of the report

covers an area of work and may include several programs. The individual

programs included in each section are letter-keyed to the preceding page

(1. 4).

*Previous reports in this series:

HW-7 3100

HW-73915

HW-74761

HW-75914

HW-76559

HW-78118

HW-78388

HW-79280

HW-80284

HW-81984

October, November, December, 1961

January, February, March, 1962

April, May, June, 1962

July, August, September, 1962

October, November, December, 1962

January, February, March, 1963

April, May, June, 1963

July, August, September, 1963

October, November, December, 1963

January, February; March, 1963

2. 1
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III. ANALYTICAL STUDIES AND ADVANCED CONCEPTS(b)

A. FUEL CYCLE STUDIES

1. Uranium Conservation Studies (VESTA) - E. A. Eschbach and

W. I. Neef

The VESTA (formerly called YUKON) code has been revised to allow

simultaneous considerations of up to seven distinct reactor types. Each

type of reactor can be introduced into any hypothesized future economy

independent of the other types. Variable reactor lifetimes are considered

so that a given reactor type can be removed from the economy as it is

replaced by another type. For example, after breeders become economical

and self-sustaining within a hypothesized economy, the long-term ratio

of breeders to converters may vary as competing economic factors change.

The VESTA code has been revised to allow a "pecking order, " or

priority, for allocation of the plutonium available at any time, and is being

debugged. For example, the plutonium can be used to feed fast reactor

inventory as rapidly as possible. If the plutonium available at any time is

in excess of the requirements of fast reactors, excess can be used for

recycle. However, if a different pecking order is desired, then some plu-

tonium can first be used for partial recycle and the remainder used to feed

fast reactors.

Calculations were performed for two projections of the growth of

installed nuclear power capacity. The first projection (based on the US-AEC

Report to the President, 1962) shows a short doubling time for the near

future, lengthening to a 6 yr doubling rate after the year 2000. The second

projection starts with an even shorter doubling time in the near future than

the first, but one which lengthens to 8 yr after the year 2000. The two

resulting curves for nuclear electrical capacity cross in the year 2000. For both

projections, thermal reactors were assumed to produce plutonium inventories

for fast breeder reactors. Once they were introduced, the fast breeders

were assumed to be expanded into each projection as rapidly as plutonium

inventories would allow. Three assumed introduction dates were used for

3. 1
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breeders; 1975, 1985, and the far distant future (that is, not introduced at

all). These calculations indicate that extremely high priced uranium ore

(over $100/kg) will not be required until after 2025 for either projection,

even if the present reserves of low priced ores do not increase and even if

no breeders are built.

2. ALTHAEA - E. A. Eschbach and E. T. Merrill

Coding has been completed to compute Doppler broadening of the

shielded resonances. Shielding of the resonances in ALTHAEA is now

computed as follows:

RI
RI = (1)

(Y)(Z)
1 + SCA

Where

RI = effective resonance integral

RI0 = dilute resonance integral

Y = isotopic concentration

Z = empirical value (approximately the maximum cross
section figure of the first resonance)

SCA = potential scattering of the fuel plus the effective
hydraulic radius of the fuel.

The values of Z previously used were obtained empirically from

resonance escape probability measurements for U238 and Th232 and by

selecting a value from BNL-235 for other isotopes. To reflect Doppler

broadening effect a method of adjusting Z with fuel temperature has been

developed.

Variation of the effective height of any resonance as a function of

absorber temperature is described by the Doppler broadening or Psi

function. This function has been evaluated and tabulated in KAPL- 1241 and

WAPD-SR-506. Machine evaluation involves solution of partially con-

vergent series equations using different forms depending on the resonance

parameters. Either form is too time consuming for use in a survey code,
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so the tabulated data were plotted and an analytical expression derived

that is capable of rapid machine evaluation using existing subroutines.

This analytical expression is:

Z
Z0

1 + CB(1 - exp - 2BT1/4 )T1/ 4  (2)

where

Z = cross section of nucleus at rest for neutrons
of resonant energy

T = absolute temperature degrees Kelvin

C = an empirical constant

B = a constant derived from resonance parameters.

The value of Z0 may be computed from the resonance parameters

on the RBU tape as follows:

Z = (2. 62 x 10 6 )(8) Ina (3)
0 E F2,

0

g = a statistical weight

rn = the neutron width in electron volts

Pa = the capture plus fission width in electron volts

r = the total width (En + La) in electron volts

E0 = the energy at the resonance.

This method of calculating Z0 produces Z values which are 12% high for

thorium and 21% low for uranium based on resonance escape probability

measurements. An alternate calculation method is based on the known

value of Z at a given temperature and Equation (2). The latter method is

used to establish the ALTHAEA Library for all isotopes with established

values of Z. The method employing Expression (3) is used for the other

isotopes (currently only Pa233).

The value of B for Equation (2) may be calculated from resonance

parameters on the RBU tape as follows:

3. 3
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EBK
B = - A

where

K = the Boltzmann constant

A = atomic weight of the nucleus.

When values of Z can be calculated from measurements at a second tem-

perature for the isotopes empirical values for B could be derived from

Equation (2) rather than using Equation (4).

The value of C required to fit the complete range of the tabulated

value of the Psi function varies from 0. 96 to 1. 07 as shown in Figure 3. 1.

1.08I

1.06

1.04

0

cd 1.02

U

1.00

0
0
U

d 0.98

.
0.96

0.94

0.92

0 1 2 3 4 5 6

B_4 EN

FIGURE 3. 1

Required Value of Empirical Constant

7

(4)

20 C

--- 1000 C

T~h232

U 23240 U2 3 8

- U 2 3 5i Pa 2 3 3 Pu 2 4 236 U 2 3 4

Pu 2 4 1  U

p 39 Np
2 3 7

Am
2 4 3

Am 2 4 1
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The code provides for three constants which are the coefficients of a

second order polynomial in T for the definition of C when the availability

of data warrant the refinement. However, the new library will contain a

constant value of 1. 0 for C since it provides values of Z within 2% of

tabulated values for all isotopes up to 1000 C. B values as computed from

the RBU tape data will be used. Z0 values have been selected such that

the computed Z will be the same as previously used if a fuel temperature

of 20 C is used.

Coding modifications have been included in the zero-dimensional

subroutines to compute reactivity coefficients per degree of fuel tempera-

ture and per degree of moderator temperature. The moderator tempera-

ture coefficient is not computed unless a nonzero temperature coefficient

of SDPV (slowing down power per unit fuel volume) is given as input. This

provision was made to remind the user of the code that the change in

moderator effectiveness with temperature is often more important than

the change in moderator temperature per se.

Two new cross section libraries have been made up using the latest

RBU data. The fourth order polynomials used to fit the data are quite

accurate for most isotopes. The, exceptions are isotopes which have major

resonances near the cutoff energy (arbitrary dividing line between thermal

and epithermal group; Pu239 -Pu 241and Am241 are typically problems).

The low temperature tape is used more frequently and must be more accurate,

so an upper limit of 600 C was selected. Thermal cross section errors are

all less than 0. 1%. Resonance integral errors for the three isotopes most

difficult to fit are given in Table 3. 1. The high temperature tape is to be

used up to 1300 C and. an overlap down to 500 C was provided. Good repre-

sentation of the data was again found for most isotopes. Thermal cross

section errors were all less than 0. 1%. Resonance integral errors were

less than 0. 5% except for the same three isotopes listed in Table 3. 1.

Errors for these isotopes can be reduced if the overlap is decreased or

eliminated, or if the upper limit is decreased. The high temperature tape

will be subdivided into two libraries if detailed studies are to be made at

high temperatures.

3. 5
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TABLE 3. 1

RESONANCE INTEGRAL FITTING ERRORS

Isotope 0-600 C 500-1300 C

Pu2 3 9  0. 17% 4. 0%

Pu2 4 1  0. 7 0. 5

Am2 4 1  0. 3 5. 0

B. ADVANCED REACTOR STUDIES

1. Fast Supercritical Pressure Power Reactor - D.. T..Aase and R. J. Hennig

A paper describing this reactor concept was presented at the Ninth

Nuclear Superheat Meeting in San Jose, California on April 21.

Clearance for unrestricted publication of the report on this reactor

was received from the Chicago Patent Office and the report was published

and distributed in April.

A patent application is being filed on the coolant temperature control

system as described for the FSPPR; this is the third patent application being

filed by the AEC on a feature of the FSPPR design. The moderator seg-

mented core design is being patented by the AEC in 11 foreign countries.

2. Segmented Fast Reactor - D. T. Aase and J. Greenborg

The SFR is a sodium-cooled, PuO2 -UO2 fueled, 1000 MW fast power

reactor using the moderator segmented core design devised for the FSPPR.

Two initial core designs considered last quarter were found to have exces-

sive fuel temperature. Two new cores were selected for nuclear analysis

from the preliminary parametric study reported last quarter. A preliminary

data summary for these cores is shown in Table 3. 2. These cores have a

higher coolant volume fraction than the two previously selected. Criticality

calculations for Cores III and IV show fissile loadings of 1955 kg and 1584 kg

respectively, an appreciable reduction from Cores I and II. Core IV appears

to have a negative coolant coefficient. Clad temperature is below 1400 F

for both cores but fuel temperature with the reference pin size is excessive.

Fuel pin resizing is being studied to reduce fuel temperature.

3. 6
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TABLE 3. 2

100 MW SFR - PRELIMINARY DATA SUMMARYe

Core Diameter, ft

Core Length, ft

Core Length/Diameter

Core and Axial Blanket Power, MWt

Total Reactor Power, MWt

Core Power Density, MW/liter

Number of Core Fuel Assemblies

Number of Fuel Pins per Assembly

Fuel Pin OD, in.

Pin Cladding Thickness, in.

Distance Across Flats of Assembly, in.

Core Volume Fractions - Fuel

- Coolant

- Can and Cladding

Core Coolant Flow Rate, lb/hr

Maximum Coolant Velocity, ft/sec

Coolant Inlet Temperature, F

Average Coolant Outlet Temperature, F

Maximum Coolant Outlet Temperature, F

Maximum Clad OD Temperature, F

Maximum Fuel Temperature, F

Maximum Fuel Surface Temperature
Assumed, F

*Molten near center of pin

Core III

7. 95

3. 25

0. 409

1890

2333

500

426

169

0. 246

0.015

4.09

0. 426

0. 400

0. 174

81. 5 x 106

35

927

1200

1350

1400

*

2000

Core IV

6.49

4.86

0. 7 49

1890

2333

500

426

91

0. 215

0.015

3. 34

0. 253

0. 600

0. 147

81.5 x 106

35

927

1200

1350

1400

*

2000

3. 7
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3. Nuclear Safety of Mixed Oxide Fuel in Fast Reactors - R. E. Peterson

Previous calculations of delayed Doppler effect in mixed oxide fuels

have been extended to include fuel enrichments typical of fast oxide breeders.

Results indicate time constants for transfer of heat from PuO 2 to the bulk

fuel which are less than 100 p.sec for a uniform dispersion of 20 micron

PuG2 particles. For time constants equal to the prompt period, the effective-

ness of Doppler feedback was found to be greater than 90%. It thus appears

that Doppler safety in mechanically mixed oxide fuels can be attained for a

wide range of reactor types.

To complete the present analyses of reactor kinetics problems

associated with mixed oxide fuels, some consideration has been given to

the fuel "slump" effect. Calculations indicate potentially large positive

reactivity increments can result from collapse of the oxide within the cladding

during an excursion in a fast reactor. To estimate the time from initiation

of melting to the 100% theoretical density state, the model assumed is that

of a viscous liquid falling from rest through a cylindrical tube. An investi-

gation of viscosity obtained from the various models of the liquid state is

being carried out.

4. Boiling H20 Cooling of D20 Moderated Reactors - R. E. Peterson

and R. J. Hennig

Studies were made to assist the Atomic Energy Commission to

evaluate comparative development programs for several coolant types under

consideration for heavy water moderated, pressure-tube reactors. Two

of the coolants being evaluated are liquid heavy water and boiling light water.

Hanford experience with these two coolants in reactors and/or related

research and development activities provided the basis for performing some

coolant evaluation studies and suggesting a research and development pro-

gram for boiling light water cooled, heavy water moderated pressure tube

reactors.

In the coolant evaluation studies several fuel element designs and

several lattice spacings were considered. In fuel cycle studies, it was

3. 8
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concluded that D 2 0 cooling provides a saving of 0. 1 to 0. 2 mill/kWhr in

fuel cycle costs compared to H20 cooling. Analyses of the reactor plant,

based on Document DP-830 and local experience, indicated substantial

capital and operating savings for H20 cooling compared to D20 cooling.

These savings are

Reduced D 2 0 Losses 0. 1 - 0. 2 mills/kWhr

Reduced D20 Inventory 0. 3 - 0. 4 mills/kWhr
(including moderator)

Reduced Capital Cost 0. 1 - 0. 2 mills/k Whr

When these savings of 0. 5 to 0. 8 mills/kWhr are reduced by the 0. 1 to

0. 2 mill/kWhr fuel cycle penalty, the net advantage of H20 cooling (com-

pared to D20 cooling) was estimated to be 0. 4 to 0. 6 mills/kWhr.

The major problem of H2O cooling of D20-moderated reactors has

been generally cited as "the positive coolant void coefficient. " Fundamental

principles make clear that the reactivity coefficient of the H20 coolant may

be made either positive or negative and may be controlled in absolute mag-

nitude by regulating the relative and absolute quantities of D20 moderator

and H20 coolant and by the design characteristics of the fuel element and

process tube. Exploratory calculations indicate that lattices sufficiently

tight to achieve a negative coolant void coefficient are both technically and

economically feasible. Certain variable lattice pitch design concepts may

not only provide a negative coolant void coefficient, but permit substantial

further advantages in power flattening, reactivity control, and fuel management.

5. HTLTR Large Mockup - M. R. Kreiter

Construction of the HTLTR Large Mockup (Figure 3. 2) is essentially

complete. It is to serve for the developmental testing of HTLTR components

such as control and safety rods, graphite heating elements, and thermo-

couples. The main mockup structure essentially consists of a graphite core,

including graphite heating elements, which is surrounded by thermal insula-

tion, all of which in turn is contained within a hermetically sealed vessel.

The core will be heated to temperatures up to 1200 C by the graphite, ac

resistance heaters. It will be cooled by circulating nitrogen. Hot nitrogen

3. 9
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will be cooled external to the main structure by passage through a recupera-

tor and heat exchanger as well as by attemporation. The large mockup is

now being prepared for startup tests.

GRAPHITE GRAPHITE CORE

HEATING ELEMENT

BLOWER

VACUUM
PUMP

TH A HEAT EXCHANGER
THERMAL 7

INSULATION

RECUPERATOR ATTEMPERATOR

G-102-SIZ

FIGURE 3. 2

HTLTR Large Mockup

6. Hydride Moderator

Equilibrium and kinetic studies of the zirconium-hydrogen system

have been undertaken to determine the feasibility of using a zirconium

hydride moderator of variable hydrogen content as a means of reactor

control. Hydrogen absorption and desorption curves were determined at

750 C (1385 F) in the composition range ZrH0. 28 to ZrH1. 63. Isotherms

and phase relationships have been compared with available published work.

Since absorption and desorption processes approached 90% of equilibrium

values in a matter of a few minutes, the variable composition hydride

moderator appears promising.

3. 10
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IV. CHEMICAL RESEARCH AND DEVELOPMENT

A. SALT CYCLE PROCESS ENGINEERING DEVELOPMENTf) -

W. R. Bond, G. Jansen, and L. K. Mudge

The results of analyses received on products of the three previously

reported (HW-81984) electrolyses conducted with irradiated fuel in the High-

Level Radiochemical Facility follow.

The first electrolysis run under partition conditions produced a

deposit with an overall plutonium decontamination factor of 8. 0. Radio-

chemical analysis showed decontamination factors on an uranium basis for

Cs137 of 500 before washing and 2100 after washing. Decontamination fac-

tors on an uranium basis for Zr-Nb9 5 , Ru-Rh 10 6 , Am 2 4 1, and Cm 2 4 2 were

1. 5, 70, 54, and 103 respectively. The decontamination factors on a pluton-

ium basis for Y9 1 , Ce 1 4 4 , Pm1 4 7 , and Eu1 5 4 were 2. 7, 9. 9, 4. 5, and 3. 7

respectively.

The second electrolysis run under codeposition conditions yielded a

deposit with 0. 34 wt% plutonium or a plutonium enrichment factor of 0. 92.

The decontamination factors on a plutonium basis for Y91, Ce144, Pm147

and Eu154 were 2. 5, 9. 4, 3. 0, and 3. 1 respectively.

The third electrolysis also run under codeposition conditions, yielded

a deposit with 0. 33 wt% plutonium or a plutonium enrichment factor of 0. 68.

The decontamination factors on an uranium basis for Zr-Nb95, Ru-Rh106

Cs1 3 7 , Am241, and Cm2 4 2 were 0. 6, 260, 1330, 7. 2, and 11. 9 respectively.

The decontamination factors on a plutonium basis for Y91, Ce144, Pu147

and Eu 154 were 2. 1, 5. 2, 2. 6, and 2. 0 respectively.

A new salt pot fitted with a graphite liner extending just below the

salt level was introduced into C-cell of the High Level Radiochemical Facility

and processing of irradiated mixed PuO2-UO2 was continued. After dis-

solution of 21 lb of oxide it was found that all of the plutonium was in solu-

tion, indicating that the graphite liner had served its purpose of preventing

the plutonium from plating out on the quartz at the salt interface. However,

it was noted that there was uranium(IV) present indicating the reaction of

4,j 1
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uranyl chloride with chlorine and carbon. The melt was then electrolyzed

for 25 hr with a constant cell voltage of 1. 70 V and an initial current of

d5 A to give a 16. 25 lb deposit. The melt at 550 C was sparged during the

electrolysis with 2. 7 liters/min 02 and 0. 3 liters/min Cl2. After the

electrolysis the melt was observed to contain particulate graphite, indicating

that severe corrosion of the liner had taken place. It was felt that since the

graphite anodes had not corroded during electrolysis that the corrosion of

the liner was due to air in-leakage during the high temperature dissolution

step. Because of the high carbon content of the melt the plutonium was not

oxidized to the hexavalent state, and as a result high decontamination factors

from plutonium were found in the deposit. The plutonium decontamination

factors for the bottom, middle, and the top of the deposit were 19. 1, 18. 3,

and 12. 4 respectively. A second electrolysis run under partition conditions

removed 26% of the uranium with a plutonium decontamination factor of 100.

It was evident that the graphite had to be removed from the bath before a

codeposition could be made.

After sparging the melt at 550 C with an excess of Cl2 to remove

the carbon, another electrolysis was performed. It was run at 40 A while

sparging with 2. 7 liters/min 02 and 0. 3 liters/min Cl2 for 39 hr. An 8 lb

deposit was obtained having a plutonium content of 1. 6 wt% which corres-

ponds to a plutonium enrichment factor of 1. 3, and the oxygen-to-uranium

ratio was 2. 07. The deposit, unsuitable for recycle material, was reoxidized

and returned to the salt bath with some additional U308. A second elec-

trolysis run under identical conditions for 60 hr produced an 8. 5 lb deposit

with an oxygen-to-uranium ratio of 2. 1 and a plutonium content of 0. 6 wt%

corresponding to a plutonium enrichment factor of 1. 1. The product was

then hydrogen reduced at 700 C to an oxygen-to-uranium ratio of 2. 005,

demonstrating the adaptability of the in-cell equipment to produce treatment.

B. RADIOACTIVE RESIDUE PROCESS DEVELOPMENT(i,'

1. Spray Calcination - R. T. Alleman

A spray calcination run was made with full-level acidic Purex waste

(10 liters) to which sulfate and 50 g/liter sugar were added. The main purpose

of the run was to establish the accuracy of the ruthenium sampling technique
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using membrane filters. The filters were backed up by a tube packed

with polythene shavings (reputed to be an excellent absorber of ruthenium).

In addition, glass, rather than paper filter supports were used on the

membrane filters. The counting results show that the filters were quite

efficient ruthenium samplers. The polythene backup absorbers had gen-

erally less than 5% of the ruthenium that was on membrane filters. The per-

centages of total ruthenium for the individual samples of the off-gas taken

after the condenser during steady operation were 1. 7, 0. 8, 2. 5, 2. 6, 0. 43,

and 6. 7. The polyethylene samples of the off-gas after the final filters

were reduced to the dummy or background level of ruthenium contamination.

The run itself was quite smooth and although the column leak allowed

some loss to the cell air, the off-gas stack limits were not exceeded. The

ruthenium volatility to the condensate was very low (1% because of the use

of sugar) which verified the conclusion drawn from an earlier, similar run.

As before, a melt was not obtained (850 C) although the sulfate addition

should have given a melt, at least if no sugar had been added. It is now

planned to remove nonessential equipment from "A" cell.

2. Examination of Calcined Products - R. T. Allemann

Radiometallurgy Operation at Hanford has sectioned the spray calciner

pot which contained the Borosilicate glass made from Redox waste in Run 22.

The glass looked uniform and seemed brittle as were the cold test samples.

There were several dime-sized spots about 1/32 in. thick on the upper sur-

face of the glass. These white spots are probably excess boric oxide which

has been driven out of the glass. The autoradiographs showed less activity in

the region of the spots. Samples of the glass are being taken for analysis and

for solubility tests. A calciner pot containing calcined Purex waste with phos-

phate added has been shipped to Radiometallurgy Operation for sectioning.

3. "High Level" Cerium "Glass" - G. B. Barton

The phosphate "glass" (microcrystalline solid) that was described

last quarter has now been standing for approximately 4 mo. Visual observa-

tion of the main sample reveals a great many small cracks have developed

on the crucible wall coating and several have developed in the mass of the
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sample. The color seems to have changed to a greyish green from the

medium green of the original product. Apparently the radiation is inducing

changes in the structure of the mass.

Solubility measurements on this material have been delayed by sam-

pling difficulties.

4. Effect of Composition Variation on Properties - G. B. Barton

Systematic study of the effects produced by varying the composition

of possible waste mixtures involves the preparation of a large number of

samples. Doing this by evaporating a solution with heat lamp and hot plate

is a slow process. Grinding the residue to give a uniform mixture is laborious

and time-consuming. To expedite matters, a laboratory spray drying unit

was developed. The initial trials had indicated a 5 in. diameter tube 4 ft

in length would produce a dry product. However, development of a spray

generator that did not put most of the material on the tube walls was neces-

sary before satisfactory operation could be achieved. A sonic spray genera-

tor was developed that produced droplets small enough to dry in the 4 ft

length. The generator consists of a thin dish of stainless steel from which

the spray is projected when it is vibrated at a resonant frequency by an

electromagnetic vibration generator. Most of the droplets are projected

downward so that 80-90% of the feed material passes through the furnace

tube into the collector.

With this equipment, sample preparation time was cut to approximately

1. 5 hr/50 g batch of ground powder as contrasted with 2 to 4 hr for grinding

the heat lamp dired product.

Additional measurements were made on the product produced with

the spray dryer to determine the loss of P205 on drying. The study is incom-

plete so presentation of data will be deferred. The study covers additions of

phosphate completely across the composition range from excess for meta

to deficiency for ortho (M 2 0/P2O5 ratios 0. 75 to 3. 25). The results to date

indicate the loss of phosphate on drying and melting is general and must be

allowed for in the process.
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Part of the measurements supporting the above statement have been

made on mixtures prepared to assess the need for including the rare metals

(ruthenium, rhodium, and palladium). Drip temperature measurements,

the only one completed to date, indicate the rare metals do not greatly

affect this property. The maximum temperature difference measured for

material with and without the rare metals was 35 C. It will be necessary

to have the phosphate analyses before final decision can be made as- to

whether the measured difference results from the rare metal addition or

differing phosphate loss.

Experiments performed to determine the reproducibility of measure-

ments have indicated the variability to be quite large. The data are presented

in Table 4. 1.

TABLE 4. 1

REPRODUCIBILITY OF SYSTEMS AND MEASUREMENTS

Prepared solutions containing: Purex process salts Na 1. 4VM
Al 0. 16M, Fe 0. 32M, Cr 0. 07M, Ni 0. 035M: all as nitrates.
H 2 SO 4 0. 52M, Si0 2 0. 016M, NaF 0. 0016M. Synthetic fission
products: Se 0.0017M, Rb 0.0108M, Sr 0, 029M, Zr 0. 100M,
Mo 0. 078M, Te 0. 009M, IO3 0. 0043M, Cs 0. 045M, Ba 0. 022M,
Rare Earths 0. 17M. These solutions were mixed to give 3%
and 10% fission product oxides for the combined oxide weight.

Drip Temperature

Fission Zr/P on
Product Raw First Second First
Oxides, % M 2O/P 2 5 Powder Melt Melt Melt

3 1.9 966 911 884 0.0085
961 854 891 0. 0098

10 1.9 979 916 876 0.032
964 856 874 0.037

3 2.0 928 916 842 0.0066
954 802 869 0.0101

10 2.0 951 904 854 0.032
944 891 866 0.029

4. 5
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The raw powder gave reasonably consistent drip temperatures but

the first melt resulted in a wide spread. Uniform melting conditions were

not used for these samples. This was assumed to be the major variable so

it was controlled for the second series to the extent that the thermocouple

reading for the furnace and the length of time the melts were in the furnace

were uniform, but there were four crucibles in the furnace at a time resulting

in nonuniform temperatures for the four crucibles. However, this reduced

the spread in duplicate measurements to an acceptable level. Since there is

a marked decrease of drip temperature for the melted samples, all sub-

sequent measurements will be made on materials melted on a fixed heating

schedule.

5. Hot Cell Glass Experiment - U. L. Upson

This work is a cooperative effort with Brookhaven National Laboratories

in the production of small quantities of phosphate glasses containing substantial

fractions of high-level wastes. The process was developed at BNL with "cold"

constituents, and the present effort is to produce similar products from

actual high-level wastes. This study will test the applicability of the "cold"

chemistry to radioactive constituents, will evaluate the off-gas decontamina-

tion problem, and will produce glass samples for stability and solubility studies.

The apparatus designed by BNL was of all glass and platinum con-

struction, chosen for chemical resistance, ease of fabrication and assembly,

and visual feedback. It was first intended that this equipment would be installed

with minimum modification beyond protective jackets, etc. Subsequent con-

sideration of installation difficulties and operating hazards, as well as delays

in access to hot-cell space, led to rather extensive redesign to rugged

equipment in which most of the glass has been replaced by stainless steel.

This new equipment will have been assembled and tested prior to August 1,

and should be ready to install in "A" cell of the High-Level Radiochemical

Facility on or before that date (Figure 4. 1).

No further glass-making has been undertaken since the last report,

in view of the decision to convert to rugged equipment.

4. 6
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From the earlier work involving phosphate-only, phosphate

+ iron, and phosphate + aluminum additives to simulated 1WW Purex waste,

the following comparisons are derived:

Additives Density Leachability, g/cm 2 -day

Phosphate only 2. 64 1. 9 x 10-4
PO4+ Fe 2.65 1.8

PO4 + Al 2. 63 2. 1

A subsequent run with an ORNL-type lithium-containing feed was unsuc-

cessful because of precipitation of solids which plugged the long-tube feed

concentrator. While this was an avoidable difficulty which could have been

prevented by a preliminary determination of the maximum boiling point

below precipitation, it was decided that a more easily serviced concentrator

would be desirable for remote handling, and a baffled stainless-steel pot

concentrator has been fabricated for the in-cell setup (Figures 4. 2 and 4.3)

R4

FIGURE 4. 2

HCGE Feed Concentrator
Neg. 0641910-2
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Feed In

Hot Teed to
Concentrator

HNO3 & H2

to Condenser

FIGURE 4. 3

HCGE Concentrator Heat Exchanger and Prefractionator

The new equipment will be installed in the cell after testing, and a

functionally similar setup (employing some duplicate equipment and some

of the original glass apparatus) will be made available for cold preruns

on the planned hot-feed runs.

Neg. 0641910-3
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6. Cold Semiworks Studies

The 18 in. spray calciner and the continuous melter were success-

fully operated as a composite unit. The spray calciner and the continuous

melter were also used separately in studies to develop suitable flow sheets

for the continuous operation of a spray calciner-continuous melter complex.

7. Spray Calciner Capacity Studies - F. D. Fisher

The ultrasonic nozzle was tested extensively with various feeds.

Although water capacities with this nozzle are very high, capacities with

calciner feeds offer no advantage over the pneumatic atomizing nozzle.

8. Spray Calciner Feed Studies - F. D. Fisher

Studies were made in the spray calciner without a draft tube, using

simulated wastes both with and without glass-making additives. Calciner

feed compositions and limited operating data are given in Table 4. 2.

In general, all feeds with glass-making (or melt-making) additives

other than colemanite*-silica cause extensive calciner wall deposits.

Colemanite-silica added to simulated Redox waste is processed without

difficulty in the calciner, and yields a calcine which melts to a "good" glass

at about 1000 C.

9. Spray-Calciner-Melter - F. D. Fisher and J. D. Moore

The coupled spray calciner-melter has been operated with both

Purex-based feeds and with Redox-based feeds. Borophosphate-modified

Redox feed was continuously calcined and melted for 15-1/2 hr at rates

varying from 3 to 7 lb/hr of calcine powder. The calciner operated satis-

factorily with the wall temperature at 550 C. The melter operated satis-

factorily except for some difficulty due to excessive foaming (see Calciner

,*An insoluble complex calcium borate, nominally Ca2B6 0 - 5 H20.

4. 10



TABLE . 4.2

FEED COMPOSITIONS TO SPRAY CALCINER-MELTER

H+

Fe+3
Al+3
Cr+3
Ni+2
Na+
NH
Mn+ 2
Li+
Mg+

2 
_

Cr
2 O7-Cs+

K+

Sr+2
Ba+2
Ca+2
Di +3
Ce+3
Ce+4
ZrO+

2

Mo70 2 4 -6
NO
F-

SO4~
B40 7 =

POe=

Purex Based Feeds Redox Based Feeds
Purex vith Fission Products,

Purex No Sulfate ORNL
10, 000 Mwd/ton Number Phosphate Phosphate Lithium Redox Borosilicate Redox Borophosphate

Purex 1WW "Standard" Additives Glass Glass Phosphate Redox Borax Colemanite Colemanite High Borax High Borax Low Borax
4. OM 4. 95M 1. 60M 4. 22M 4. 22M 2. 3?1M 0. 2M 0. 10M 0. 106M 0. 106M 1. 53M 1. 53M 3. 93M
0. 57 0.091(0.119)* 1. 104 0. 11 0. 11 0. 323 0.05 0.025 0. 266 0.027 0.006 0.006 0.0027
0.12 0.045 0.056 0.056 0.56 0.72 1.46 0.80 0.777 0.777 1.10 1.10 1.72

0.018 0.025 0.025 0.025 0.044 0.001 0.00053 0.00053 0.002 0.002
0.03 0.009 0.012 0.012 0.012 0.003 0.0005
0.64 0.40 0.49 0.49 0.49 1.00 1.84 2.24 0.981 0.981 2.20 2.20 2.10

0.021 0.037 0.037 0.037 0.027 0.013 0.0143 0.0143 0.02 0.02
0.02

1.0 0.02
0.01 0.005 0.0053 0.0053 0.070 0.070

5. 24

0.75

0.01

0.014

0.011
0. 030

0.015
0. 021
0. 0035
5. 74

0. 197

0. 00 45

0.025 0.025
0.031
0.016 0.016 0.016
0.012 0.012 0.012

0.064 0.064 0.064
0.030 0.030

0. 030*
0.055 0.055 0.055
0.0061 0.0061 0.0061
3.07 1. 37 2.88
0. 00088

1. 47 1. 47

0. 23

3. 29

0. 515

1. 26

6. 54 3. 48

0.02 0.01
0.66

4. 20 3. 48 4. 10

0.0106 0.0106 0.02
0. 138
0. 85

SiO2 0. 0057 0. 006 0. 006 0. 006 73. 3 g/liter 33. 0 g/liter
Sucrose 90 g/liter

Colemanite (Commercial Grade Ca2B6 5H20, B23 42.5 wt%, H2 0- 20.3 wt%, CaO- 26. 1 wt%, SiO2 - 5.3 wt%,A1 0 3-2.0 wt%, CO 2r 2.0 wt%) 182. 6 g/liter 182. 6 g/liter

Run Numbers SC-78 SC-76 SC-75 SC-74 SC-68 SC-80 SC-73 SC-77 SC-79

Calciner 70C
Temperature 700 C

Melter Wall
Temperature

Calciner Wall
Deposits None

Calciner Off-
Gas Filtration Good

700 C

None

Good

550 C 550 C 550 C 650 C 650 C 600 C

1000 C 1000 C >1 1000 C

None Likely (10 Light, Heavy, Very Heavy,
minute run) Sintered Partially Light, Sintered

Fused Loose

Good Filter
Plugged in
10 Minutes

Melter
Performance

Good Good

No Powder Powder
Melter, Did Not
Filter Cake Melt
Melted
Readily

High LP, Good
i. e.,
27 in. H 2 O

Smooth
Operation

600 C

None

Good

600 C

None

Good

4. 10

0.02
0. 138
0. 85

5. 168

0. 065
1. 967

90 g/liter 90 g/liter 0 in SC-70
100 g/liter in SC-71

SC-66, 67, 69 SC-72

550 C 550 C

1000 C

SC-70, 71

550 C

Heavy, Heavy, Heavy,
Partially Partially Sintered
Fused Fused

Good Good Filters
Tend to
Plug

Excessive
Foaming
Reduced
Throughput

Calciner *Substitute *CeO2
Capacity Additional Undissolved
Standard Iron for

RuRhPd

High Iron, Melts to
Melts to Glass ca.
Glass ca. 1000 C
1000 C Co

c0

High Al++Notes
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Powder Melter). Processing of borosilicate-modified Redox feed resulted

in extensive wall deposits in the calciner at 600 C wall temperature.

Performance of the melter (with the wall temperature at 1000 C) was very

good with this feed.

Operation of the coupled calciner-melter with simulated Purex waste

has been limited by the relatively low operating temperature (1000 C) of the

310 stainless steel melter. Wastes with excess phosphate usually resulted

in high pressure drop across the calciner filters. In general, when the ratio

of the additive orthophosphate equivalents to metal cation equivalents in the

waste is less than one, filter operation is good; when the ratio is between

one and two, filter pressure drop varies from moderately high to excessive.

The increased filter pressure drop is believed to be due to condensation of

metaphosphoric acid on the relatively cool (about 300 C) surface of the

filters.

10. Calciner Powder Melter - J. D. Moore

Developmental studies of a continuous calciner powder melter were

continued in the 310 stainless steel melter. Tests were performed

using spray-calcined powder from simulated Redox wastes modified with

borosilicate and borophosphate chemicals (see Table 4. 2).

Testing of a freeze valve for melter discharge proved satisfactory

for control on a cyclic dump-fill basis. The valve, which is a straight tube

3/8 in. inside diameter by 6 in. long, performed well. The valve also

functioned well with the highly-foaming borophosphate melt up to the "wide-

open" rate of 5 lb/hr. Satisfactory continuous flow control has not yet been

achieved. The siphon-overflow system for melter discharge control is

satisfactory for most melts except for those that foam badly.

Processing of the borosilicate-modified calcine is readily performed

in the melter at rates greater than 5 lb/hr with a melter wall temperature

of 1000 C and the melt at 800 to 850 C. Processing of the borophosphate-

modified calcine under similar conditions is limited to rates less than

5 lb/hr due to excessive foaming that nearly fills the melter. Addition of

4. 12
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large volumes of cold powder to the melter does not suppress the foam.

The glass obtained from the latter feed is porous with a bulk specific gravity

of about 2. 1 compared to the degassed borosilicate glass with a bulk specific

gravity of about 2. 8.

A susceptor made of 1/8 in. thick Inconel 702 for induction heating

of the melter has been installed to test its effect on reducing temperature

gradients on the melter wall. Evaluation studies are underway.

Corrosion failure occurred in the 310 stainless steel melter wall

after 47 hr of operation (approximately 34 hr at 900 to 1000 C and 13 hr at

1100 C). A replacement melter wall of the same material has operated

73 hr at 900 to 1000 C to date.

.11. Corrosion of Candidate Melter Pot Materials of Construction - W. L. Walker

Continued corrosion tests on 310 stainless steel in waste melts show

that the upper temperature limit for its use is about 1000 C. Catastrophic

corrosion generally occurs at temperatures above 1000 C. At lower tem-

perature (750 - 900 C), 304-L and 310 stainless steels generally have better

corrosion resistance than Inconel 600 to waste melts. Preliminary tests on

samples of a nickel-chromium alloy obtained from the Pulp and Paper Research

Institute of Canada show promise as a container for waste melts. When

exposed at 1100 C to a melt of calcined Redox waste with added calcium and

boron, the alloy corroded at about 10 mils/month (based on weight loss).

12. Waste Solidification Engineering Prototypes - C. R. Cooley

The Hanford Laboratories is authorized to perform the design, develop-

ment, procurement,and fabrication of the Waste Solidification Engineering

Prototypes (WSEP). The WSEP will provide engineering-scale demon-

strations of promising solidification processes with actual high-level wastes.

The prototypes will be installed in the Fuels Recycle Pilot Plant (FRPP),

now under construction and scheduled for completion in 1965. Three solidi-

fication processes are currently scheduled for demonstration: pot calcina-

tion, spray solidification, and phosphate glass solidification.

4. 13
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The design of the basic process equipment required to support the

prototypes (feed, acid recovery, and off-gas systems) is complete and

fabrication of this equipment is about 70% complete. Design of other

auxiliary equipment such as welding stations, manipulation and materials

handling equipment, jumpers, service piping, instrumentation, etc. is

underway. The design and fabrication of the pot calcination process equip-

ment is complete. Design of the spray calciner is nearing completion.

Scope design of the phosphate glass process is in progress. Modifications

of the Cold Semiworks facility have been completed to permit design veri-

fication tests of most of the major equipment pieces under mockup condi-

tions. Such tests on the pot calcination equipment are scheduled to start

in July.

13. Stability of BAMBP in CSREX Solvent - P. R. Rushbrook

Laboratory studies indicate that about 2% of the BAMBP present in

CSREX process solvent will be degreaded pe r cycle to forms which do not

extract cesium. In these studies, the process was simulated by batch con-

tact of solvent with synthetic aqueous phases representing extraction, scrub,

partition, strip, and solvent wash conditions. During the contacts, the dis-

persions were subjected to Co60 gamma irradiation. Contact times were

adjusted to give gamma exposures to the solvent equal to those estimated

for actual process operating conditions. Loss of BAMBP was determined

by batch contact of a portion of the solvent under conditions for which cesium

distribution as a function of BAM:BP concentration is known.

During nine process cycles, the cesium distribution ratio dropped

a factor of two which corresponds to loss of 20% of the BAMBP. The total

gamma dose received by the solvent during the nine cycles was 44 Whr/liter.

In a control run in which the solutions were not subjected to radiation,

the change in cesium distribution during nine cycles was nil within experi-

mental error. Because previous studies have indicated that nitrite is

involved in the degradation. of BAMBP, nitrite suppressors are added to the

extraction column feed (sulfamic acid) and to the strip column extractant

(hydrazine). Trebling the concentration of these suppressors did not change
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the rate at which BAMBP was lost when the solutions were irradiated

during contact. In other experiments, sulphate was substituted for nitrate

in all of the aqueous solutions involved. Loss of BAMBP per cycle

remained the same.

14. In-Tank Solidification - J. Dunn

Pilot plant testing continued in the evaluation of immersion heating

for evaporating intermediate level plant waste solutions. The immersion

heating method is under development as a lower cost alternative to evapora-

tion with hot (1200 F) air; plant scale hot air equipment is now being installed

in an underground tank containing radioactive wastes. Development work on

immersion heating has progressed satisfactorily; to date, approximately

2000 hr of operation have been accumulated with systems using small heaters

(up to 10 kW) in nonradioactive waste solutions. The only significant

difficulty experienced thus far has been deposition of solids on the unheated

section of the elements in the vapor space above the liquid level. This

problem might also occur using hot air evaporation, but it appears to be

avoidable by suitable design or by an intermittent water spray. No signifi-

cant deposition has occurred on the submerged, heated section of the elements.

The generally favorable results of the development work have led to

a decision to proceed with a plant test of immersion heating. Present plans

are to install three units of 120 kW each in the same tank where the hot

air system is located, and to utilize spare services from the latter system.

A full scale, second generation unit is based on a heat input of 2500 kW so

that the three prototype heaters represent about 15% of the proposed system.

15. Intermediate Level Waste Treatment - L. F. Coleman and

B. W. Mercer

Electrodeionization equipment was scaled up from a three cell,

2 ml/min unit to a three cell 50 ml/min unit and to a ten cell 500 ml/min

unit.

Data obtained from the 50 ml/min, three cell unit showed ruthenium

decontamination factors in excess of 100 for an acid condensate and ranged
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from 50 for a Dicalite filtered alkaline condensate to greater than 100 for

a filtered steam stripped alkaline condensate. Operating conditions were

a 1:2 volume mixture of 20 x 50 Dowex 50 W - Dowex 1 resin; 247 cm2 mem-

brane transfer area; current density 3. 3 mA/cm 2 , and linear velocity 2. 5

cm/ sec through the deionizing resin channel. A total of 2600 bed volumes

of acid condensate were treated before dismantling the unit for inspection.

Greater than 90% of the loaded ruthenium was removed from the unit by

elution with 6N HNO3 before inspection. Discoloration of the resin was

observed along the first 50% of the resin bed length, suggesting the bulk of

the loading was occurring in this section.

The 500 ml/min, 10 pair cell unit was operated for 6 days with an

alkaline condensate feed. Pressure drop caused by organic matter in the

condensate gradually decreased the solution flow rate to 105 ml/min. Total

throughput at this point was 1620 column volumes through the mixed bed

resin of a 1:2 volume mixture of Dowex 50 W - Dowex 1. Ruthenium decon-

tamination factors decreased rapidly from 50 to about 15 and remained

at the latter level throughout the experiment.

To demonstrate the actual beneficial ruthenium removal the power

to the unit was cut at which point ruthenium breakthrough increased from

7% to as high as 60% within 2 min. Additional studies are in progress to

minimize the amount of organic material in the condensate and to further

evaluate the electrodeionization process.

A small steam stripper was constructed to study the removal of

organic material from Purex tank farm condensate (PTFC). The stripping

column is 2 in. in diameter by 58 in. long and is packed with 1/4 in. stain-

less steel Raschig rings. The first runs with the stripper were made with

PTFC from a sampling line on the vapor header. The condensate taken at

this point is expected to be free of bacteria and other foreign substances.

The PTFC was put through the stripper three times at a feed rate of 100 ml/

min and a boil-off rate of about 12 ml/min. The feed was acidified to pH 2. 3

on the third run. The results of kerosene and TBP analysis of the feed and

stripper bottoms are shown in Table 4. 3.
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TABLE 4. 3

KEROSENE AND TBP CONCENTRATIONS IN PTFC

AND STRIPPER BOTTOM SAMPLES

Samples Kerosene, ppm TBP, ppm

PTFC 36 22

Stripper Bottoms, Run 1 8 <2

Stripper Bottoms, Run 2 9 <2

Stripper Bottoms, Run 3 2 <2

The stripper bottoms from Runs 1 and 2 were slightly turbid but

those from Run 3 were clear. The results indicate that the acid addition

aided the removal of residual kerosene.

Additional runs were made with PTFC samples taken from the vapor

header and from the condensate receiver tank. The kerosene and TBP were

reduced to 2 ppm or less in two runs for each sample, the second run being

at pH 3. The concentrations of kerosene and TBP in the feed were 32 ppm

and 100 ppm, respectively. The kerosene and TBP in the condensate

receiver tank sample were reduced to < 2 ppm and 2 ppm respectively on

the first run (unacidified); however, the stripper bottoms were still very

turbid. Although some clearing occurred on the second run the amount of

suspended solids was still unacceptable for processing through ion exchange

columns. The second run with the vapor header sample was clear which

indicates that samples of condensate from the condensate receiver tank

are not representative of PTFC.

C. CONTAINMENT SYSTEMS EXPERIMENT(k)

1. Introduction - E. R. Irish

Reactor site selection is currently based on methods of analysis

which employ numerous conservative assumptions to assess the hazard

to the public in the event of a serious reactor accident. The Division of

Reactor Development sponsors a variety of programs having the broad

objectives of providing information which will permit more confident and

realistic calculation of the consequences of reactor accidents. The
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Containment Systems Experiment (CSE) is one of these programs and is

being reported here for the first time. Other programs relevant to reactor

containment include laboratory investigation of reactor fuel meltdown and

fission product release and transport behavior at several sites: the Nuclear

Safety Pilot Plant (NSPP) at Oak Ridge and the Loss of Flow Test (LOFT)

at Idaho Falls.

The Hanford Laboratories proposal) for conducting the CSE

program included an outline of the experiments contemplated and a brief

description of the necessary facility as well as related cost and schedule

information. Following authorization of the CSE program in November, 1963,

efforts have been underway toward detailed planning of the experimental

program, initiation of the required research and development work, and

provision of the test facility. Progress is these areas is summarized in the

following sections.

2. Program Objectives - G. J. Rogers

The purpose of the CSE program is to evaluate on a significant engi-

neering scale the effectiveness of natural processes and engineered safe-

guards in limiting release to the environs of fission products from reactor

accidents. In its initial phases the program is limited to investigation of

the loss of coolant accident in reactors of the pressurized or boiling water

types fueled with uranium dioxide.

In line with this broad purpose, several specific program objectives

have been identified as a basis for development of the program of engineered

tests and related research and development.

" The reduction of fission product concentration in containment

vessels resulting from natural processes such as agglomeration

and settling, diffusional deposition, and condensation of water

vapor will be determined.

" The reduction of fission product concentration by active engineered

safeguards systems, including spray washing the containment atmos-

phere and air recirculation through filter systems, will be determined.

(1) N. G. Wittenbrock. Proposal for Containment Systems Experiment,
HW-78722. August 26, 1963.

4. 18
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" The reduction of fission product concentration associated with

water pool pressure suppression, a passive engineered safe-

guard system, will be determined.

" The effectiveness of alternate methods of pressure reduction in

containment systems will be evaluated. The methods to be

investigated include water pool pressure suppression, water

spray cooling the contained atmosphere, and heat transfer to

low temperature materials inside containment and through the

containment membrane to atmosphere.

" The leakage of fission product activity from containment under

a range of postaccident conditions will be determined and corre-

lated with that calculated from low temperature air leakage rate

tests and the fission product concentration.

" The transient and dynamic pressures, temperatures, stresses,

coolant flow rates, and hydraulic forces resulting from the

sudden rupture of a high temperature water system will be

determined for a range of initial conditions in dry containment

and pressure suppression containment systems. Measured

values will be compared with those calculated from analytical

models to evaluate the accuracy of the models and the degree of

conservatism inherent in current design methods.

" Following achievement of the initial program objectives, longer

range parametric studies of the variables affecting containment

systems will be undertaken.

An up-dated program document is currently in preparation. The

program is being designed to achieve the above objectives by simulation

of the maximum credible accident (i. e. , reactor meltdown resulting from

the double-ended rupture of a primary coolant pipe) for a one-fifth linear

scale 1000 MWe water-cooled (pressurized or boiling water) reactor.

Maximum test conditions for the reactor simulator will be the almost

instantaneous release of 150 ft3 of water via a nozzle (up to 8 in. 'in diam-

eter) at 600 F and 2500 psi. Simulated fission product aerosols will be

introduced into the systems on a programmed basis after the initial blow-

down of the reactor simulator.

4. 19
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3. Containment Test Facility and Major Equipment - C. E. Linderoth and

N. Vieli

The Containment Test Facility will be located in the 221-T Building,

200-West Area, a building which will permit control of the atmospheric

conditions surrounding the containment vessel. The schematic arrange-

ment of the overall facility is illustrated in Figure 4. 4. The test facility

will be segregated from the balance of the building which is used by the

Chemical Processing Department.

VENTILATION
BARRIER

CONTAINMEN
-- j VESSEL

AUXILIARY EQUIPMENT -
I. DEMINERALIZERS
2. EXTERNAL DECONTAMINATION

EQUIPMENT
a GAS MANIFOLD FOR

SIMULATOR EQUIPMENT

ACCESS DOOR

CONTROL ROOM
AND OFFICES EELECTRICAL

AEROSOL GENERATING SWITCHGEAR
EQUIPMENT AND CHANGE ROOM

T

FIGURE 4. 4

Containment Systems Experiment
Arrangement in T-Plant

A cross-sectional view of the test facility is shown in Figure 4. 5.

At the center of the system is the reactor simulator, a stainless-steel-clad

pressure vessel, 42 in. ID and approximately 17 ft high, with numerous

nozzles and provisions for instrumentation. The water will be heated by
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circulation through an external heating system. A dummy core will be

used in some tests. Simulated fission product aerosols can be introduced

at three levels into the simulator. A contract for design and fabrication

of the reactor simulator is currently being let.

AIR RECIRCUL ATION SYSTEM

d1
SPECIAL LEAKAGE TEST

PENETRATIONS

CONTROL ROOM

ACCESS

AEROSOL
GENERATING STATION

SWITCWGEAR ---

COOLANT PATH - DRY CONTAINMENT

- FP TRANSPORT PATH

SPRAY NEB

00 -

CONTAINMENT VESSEL

-DEPOSITION TEST PANELS

REACTOR SIMULATOR

-WET WELL

P-DRY WELL

I POOL

- COOLANT PATH- PRESSURE SUPPRESSION CONTAINMENT

" SAMPLING POINT FOR FP SIMULANT

FIGURE 4. 5

Containment Systems Experiment

The containment systems will be included in a 25 ft diameter by

67 ft high steel shell designed to withstand a pressure of 75 psig. The

dry well and wet wells are designed to be consistent with the scaling of

the reactor simulator and pressure suppression reactor plants; provision

is made for changing the ratio of dry well to wet well volumes to those

expected for future plants. The spray system will have the capability of

introducing fresh water or recirculated, cooled water. Special penetrations

will be provided for special leakage studies in addition to overall leakage

studies. Provisions will be made for recirculation decontamination of the

4. 21
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containment atmosphere, installation of a simulation of multiple barrier

containment, and the capabilities for ducted pressure relief. Detailed

design of the containment systems is currently in progress.

Extensive modifications and renovations have been made at 221-T

Building during the last 6 mo preparatory to the erection of the containment

shell and installation of the associated experimental and operating equipment.

4. Fission Product Simulation and Aerosol Generation and Sampling -

R. K. Hilliard and J. D. McCormack

Because some aspects of the fission product simulation, generation,

and sampling for CSE conditions present problems and questions which are

difficult to answer with assurance or for which there is no experimental

information, a separate demonstration and test series will be conducted

prior to tests in the CSE facility. This study will not delve deeply into the

fundamental reasons for differences in behavior but rather will attempt to

demonstrate on a pilot scale the suitability of the concept of using simulants

in lieu of real fission products in the CSE. Aerosols of known concentra-

tions and well characterized chemical and physical forms will be used.

Six series of tests are visualized:

(1) Melting SS-clad irradiated UO2 in steam or air atmospheres.

(2) Heating SS-clad irradiated UO2 in steam or air to temperatures

slightly above the melting point of the cladding (about 1700 C).

(3) Heating synthetic fuel elements to about 1700 C (SS-clad unir-

radiated UO 2 with appropriate amounts of stable fission product

simulants added, varying from that used in (1) and (2) above to

the total inventory of an 8 MWe reactor at 10, 000 MWd/ton).

(4) Generating elemental iodine.

(5) Generating particulate aerosols by various methods.

(6) Generating a combined aerosol of particles and elemental iodine.

Hot cell facilities suitable for testing of highly irradiated fuels are

not currently available, so trace irradiated fuels must now be used for

these tests. The 271-CR Building in 200-E Area was thus selected as a
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suitable test site. Equipment being installed in preparation for tests to

begin in August include two induction heating units (a 20 kW, 450 kc unit

and a 50 kW, dual range 450 kc to 8 Mc unit), an aerosol receiver (400 gal

carbon steel tank with painted interior and rated at 100 psi at 300 F), a hood

for housing the generating station, a deposition test panel exposure system,

and six "Maypack" type samplers.

Basically, the transport characteristics of a "real" fission product

aerosol released from irradiated fuel will be measured to give a standard

for comparison with simulant aerosols. Twelve fuel specimens have been

fabricated in preparation for irradiation to 1017 to 1018 nvt. They are

sintered UO2 pellets measuring 0. 430 in. diameter by 3 in. overall length

and clad with AISI 304-L stainless steel. Each will contain about 1 pg of

total iodine at 10 days decay. Based on a complete release during melting

or oxidation, the concentration in the aerosol receiver will be about 1 pg/m 3.

This concentration is much lower than the 10 to 100 mg/m3 containment

concentration usually assumed for maximum credible accident (MCA) con-

ditions, but would represent less-than-MCA conditions and is in the range

of many tests reported in the literature. Of course, the simulated aerosols

will contain similar amounts of total iodine so that a direct comparison can

be made.

Measurements to be taken include fission product concentration

as a function of time, deposition rate on four materials (stainless'steel,

painted steel, copper, and carbon steel), efficiency of cleanup system com-

ponents, and particle size distribution. Reactions with hydrocarbons and

desorption rates will also be measured.

Besides providing a basis for selection of fission product simulant

mixtures or types, the 271-CR tests will give opportunity to demonstrate

generation and sampling techniques, eventually using 75 psi, 300 F steam-

air atmospheres in the tank.

In separate tests the generation of elemental iodine vapor at atmos-

pheric pressure in concentrations suitable for use in CSE was demonstrated.

I127 crystals were volatilized at an average rate of 2 g/min over a 10 min

period by passing warm air over the crystals at 0. 5 cfm. Higher rates
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can be achieved by using larger beds or higher flow rates. Generation in

CSE will need to be done against a back-pressure of several atmospheres.

The deposition of elemental iodine generated as above was mea-

sured by passing the vapor at 0. 5 cfm through a 20 ft length of 0. 68 in.

ID, AISI 304-L stainless steel pipe. The pipe walls were maintained at

150 C. Deposition on the pipe walls was < 1%, and the effluent from the

pipe was >99% in the elemental form.

Sampling of iodine-containing aerosols will be done with "Maypack"

type collectors which are specially designed to separate the various forms

of iodine (elemental, organic, particulate) which are expected in the CSE

system. The "Maypack" samplers will be operated at the same flow rate

as is currently planned for the CSE tests- -0. 5 SCFM on a dry air basis.

The actual flow of steam-air mixture passing through the samplers will

vary from 0. 5 to about 1. 5 cfm, depending on the steam to air ratio in the

atmosphere being sampled. Corresponding face velocities will be about

40 to 100 ft/min, with the most probable velocity of about 80 ft/min. Tests

were made to determine the efficiencies of various candidate "Maypack"

components for removing elemental iodine and particles. Table 4. 4 lists

the results at velocities of 25, 80, and 260 ft /min. It shows that velocity

is important to the ability of a "Maypack" to fractionate the different forms

of iodine. It appears that more than five layers of 100-mesh silver-plated

copper screen will be required to retain ~ 99% of the elemental form and

~ 1% of particulate form. Aging for 24 hr at 130 C before testing did not

impair the efficiency. Tests will continue to determine the effect of steam

and higher temperatures.
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TABLE 4. 4

EFFICIENCIES OF "MAYPACK" COMPONENTS FOR

RETAINING ELEMENTAL IODINE AND PARTICLES AT 20 C

Percent Retained
Face Velocity-. 25 fpm 80 fpm 260 fpm

Aerosol Type I2- les I2- P I Particles) Particles c

5 layers 14 mesh
screen (a) 86 0.8 74 0.2 0.2

5 layers 50 mesh
screen(a) 99. 7 93. 2 0. 5

5 layers 50 mesh
screen(b) 96. 7

5 layers 100 mesh
screen(a) 1. 3 97. 6 0. 7

2 in. deep ribbon bed,
0. 15 g/cm 3  99. 2 97

2 in. deep ribbon bed,
0.3 g/cm 3  2. 4 98.3 1. 7 1. 4

Charcoal Paper (AC) 97

Silver Colloid Paper 99. 7

Millipore Membrane (AA) 3

Glass Fiber Paper (A) 1

(a) Freshly prepared silver-plated copper screen.

(b) Silver-plated copper screen aged 24 hr at 130 C in air before
testing.

(c) 0. 2 p MMD Uranine particles.

4 25
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V. FUELS STUDIES

A. CERAMICS STUDIES

1. The Plutonium-Boron System(g) - R. E. Skavdahl and T. D. Chikalla

Preliminary results indicate that of the four known borides of

plutonium (PuB, PuB2, PuB4, PuB6), the diboride is the predominant phase

below 900 C. Mixtures of PuHX and elemental boron were pressed into pellets

and heated in vacuum. The pellet compositions, at intervals of 10 at. To

boron, also included samples corresponding to PuB2 (66. 7 at. To boron) and

PuB6 (85.7 at. To boron). After heating at 900 C for 5-1/ 2 hr, X-ray dif-

fraction revealed PuB2 to be present in all tested samples, and to be the

major phase in specimens containing more than 50 at. To boron. The samples

analyzed by X-ray diffraction included those having nominal compositions

20, 40, 50, 66. 7, 70, 80, 85. 7, and 90 at. To boron. The major phase in the

20 and 40 at. To boron samples was a-Pu metal.

All samples were crushed in a mortar and pestle and reheated at

1300 C in vacuum for 3 hr. Marked differences were observed in the hard-

ness of the samples during the crushing operation. Samples of composition

60 at. To boron and less were hard and difficult to crush to a fine powder,

whereas those of 66. 7 at. 0/ boron and greater were easily powdered.

X-ray diffraction analyses of the reheated samples showed a major

phase of PuB2 in the 40, 60, and 70 at. To boron compositions, approximately

equal concentrations of PuB2 and PuB4 in the 80 at. To boron sample, and a

mixture of predominantly PuB4 and PuB6 in the 90 at. To boron specimen.

It is expected that vaporization of boron occurred during the treatment at

1300 C in vacuum and that the actual boron concentrations will be shown by

analyses to be lower than the nominal concentrations.

These results indicate that PuB4 and PuB6 are high temperature

phases which are not thermodynamically stable below 900 C. There is no

clear evidence of PuB in any of the powder pattern films.

2. Preparation and Properties of p-Pu2 3(g) - R. E. Skavdahl and

T. D. Chikalla

The first large (110 g) samples of -Pu 2 O3 was prepared by carbon

reduction of PuO2 by a recently developed method of vacuum reaction sintering
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followed by inert gas arc-melting. Carbon free O-Pu2O3 was also prepared

by heating PuO 1 8 with an excess of plutonium hydride in vacuum. Stability

experiments show p-Pu 2O 3 to be more oxidation resistant than PU0 2-x-
(d)

3. Thorium Nitride Synthesis - D. F. Carroll

ThN was prepared by arc melting thorium metal under one atmos-

phere of nitrogen. Metallographic and X-ray diffraction examinations

revealed free thorium metal at the ThN grain boundaries (Figure 5. 1).

Some surface oxidation was also detected; ThN is less oxidation resistant

at room temperature in an air or moist atmosphere than PuN and UN.

Thorium Metal with
Small Inclusions

.pr r. 4 P

ThN
Neg. R-4609

. --- 500 X

FIGURE 5. 1

Arc-Melted ThN (Surface slightly oxidized)

4. Determination of Water in Plutonium and Uranium Oxides by

Electrolysis - H. J. Anderson and J. G. Michaelson

Excessive water in uranium oxide and plutonium oxide fuel mater-

ials adversely affects the packing of these materials in the fuel rods, the

performance of the fuel in reactor operation, and fuel rod integrity.
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It is, therefore, essential to determine the absolute water content in fuel

materials.

A method of analyzing plutonium bearing fuel materials for water

release at temperatures approaching in-reactor conditions was developed.(1)

The method makes possible the measurement of water evolved from fuel

material at temperatures to 800 C in concentrations as low as 1 ppm.

Fuel material is heated in a quartz combustion tube through four successive

temperature increments up to 800 C. The evolved water is carried by a

nitrogen gas stream to a commercial electrolytic water analyzer where

the water is absorbed in a phosphorus pentoxide electrolytic cell and is

electrolyzed to hydrogen and oxygen (Figure 5. 2). The current used for

electrolysis is proportional to the amount of water evolved.

N2 H2,02 + N2 Exhaust

Combustion 
N2 to H2O

O

Drying Tube 
Sga

to Recorder

FIGURE 5. 2

Equipment for Determining Water Content by Electrolysis

The total water evolved in each temperature range is a function of

the type of sample, grain size and sample history. Five typical examples

are listed in Table 5. 1.

(1) J. G. Michaelson. Determination of Water in Plutonium and Uranium
Oxides, HW-82487. May 28, 1964.
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TABLE 5. 1

WATER EVOLUTION MEASUREMENTS FOR

FIVE TYPICAL FUEL MATERIALS

Type of Sample

Natural Fused UO
(~-.20+65 mesh)

Natural UO, crushed and
sintered?(~ - 20 mesh)

PuO , calcined at 950 C
(- 325 mesh)

U02 -1wt% PuO 2
(-325 mesh)

U02 - 1 wt% PuO 2 , exposed to
10% relative humidity at
20 C for 97 days (-325 mesh)

Water Evolved (ppm)'-
20- 180 C 180-400 C 400-600 C 600-800 C

28

64

60

75

113

5

12

23

18

78

nd

nd

nd

nd

nd

nd

7 3

816

*nd = not determined

5. High Temperature Electrical Resistivity of UO(d) - C. A. Hinman

Initial measurements in a high pressure furnace indicate that the

electrical resistivity of UO 2 near its melting point is about 10-3 ohm-cm.

6. Electron Microscopy Instrumentation and Facilities - J. L. Daniel

Initial tests of the electron microscope image intensifier produced

good quality micrographs from an intensified image on the monitor screen.
Transfer and decontamination chambers for plutonium ceramics electron

microscopy are being fabricated.

7. Development of Microautoradiography - J. B. Burnham

Using specially prepared nuclear emulsions, the distribution of

plutonium in UO 2 -PuO 2 was studied on a micron scale. A technique used
for a number of years to investigate macrodistribution precluded the

resolution of any microstructure, due to the thickness of the nuclear

emulsions required (25 microns).

5. 4
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Emulsions of 1. 3p thickness were prepared by the following

method: NTB liquid emulsion was heated in a water bath for 30 min at

45 C. Diluted one-to-one with distilled water, the emulsion was heated

for another 30 min at the same temperature. Microscope slides were

dipped into the hot emulsion, wiped on one side, and dried under constant

temperature and humidity (30 C and 68. 6% specific humidity). The result-

ing slides were evenly coated, except at the edges and bottom, and

resulted in sharp, high resolution autoradiographs.

Figure 5. 3 is an autoradiograph of a co-precipitated, sintered

UO 2 - 20 wt% PuO 2 pellet obtained offsite. There appears to be a plutonium-

rich grain boundary phase present; however, this interpretation has yet to

be confirmed by microprobe analysis.

500 X Unetched

FIGURE 5. 3

Autoradiograph of Co-Precipitated, Sintered UO 2 -- 20 wt% PuO 2Pellet with 1. 3 p NTB Emulsion

Neg. 4L1035
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B. METALLIC FUELS DEVELOPMENT(d) - J. E. Minor and G. A. Last

Development work has continued on the program to develop the tech-

niques required to fabricate coextruded, Zircaloy-2 clad, and fully bonded

thorium-uranium alloy fuel elements for reactor service in pressurized,

high temperature water environments. The irradiation behavior of these

elements is being evaluated and additional elements and fuel alloys are being

subjected to out-of-reactor destructive and nondestructive tests.

Additional development work has been included in this program for

FY-65 on uranium base fuel materials having potential application for high

temperature service.

1. Irradiation Testing of Thorium-Uranium Fuel Elements - R. K. Marshall

Irradiation testing of thorium-uranium fuel elements continued in

the high-temperature, high-pressure, water-cooled ETR-P7 facility. Since

the irradiation began in April, 1963, the fuel elements have been irradiated

for ten cycles and have attained an exposure of 0. 9 at. % burnup. Goal

exposure is 3 at. % burnup.

The three tubular test elements are Zircaloy-2 clad thorium--

2. 35 wt% U235-1 wt% Zr alloy fuel 4. 45 cm (1. 75 in.) OD x 2. 67 cm (1.05 in.)

ID. The test facility has operated at 204 C (400 F) coolant inlet at a pres-

sure of 110 atm (1600 psi). Of the three 20 cm (8 in.) long elements, which

are positioned vertically in the test, the central element, operating at the

highest power, has accumulated a maximum of 2. 7 x 1020 fissions/cm3

(8000 MWd/ton). The maximum operating conditions and measured volume

changes for the irradiation period are given in Table 5. 2 and are plotted in

Figure 5. 4. The fuel swelling is low compared to equivalent test conditions

for uranium. The 0. 9% volume increase observed after Cycle 64 is slightly

less than the theoretical minimum volume expansion due to fission product

production.
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TABLE 5. 2

IRRADIATION HISTORY OF TUBULAR Th- 2. 5 wt% U- 1. 0 wt% Zr

FUEL ELEMENTS

Maximum Operating Conditions

Burnup
Fissions/cm 3

2.8 x 10 1 9

5.4 x 10 1 9

8. 6 x 10 1 9

1. 2 x 1020
Not Irradiated
1. 2 x 10 20

1. 6 x 1020
1. 8 x 10 2 0

2. 1 x 10 2 0

2. 5 x 1020
2.7 x 1020

Temperature,
C

585
538
523
585

460
540
540
520
520
480

0. 4

Surface
Heat Flux,
cal/sec-cm 2

75
68
65
75

52
65
65
62
62
53

0. 6

Specific
Power,
W/g

69
62
59
69

46
60
60
57
57
49

0. 8

Fuel
Volume
Increase, %

0. 15
0. 15

Not Weighed
0. 5

0. 5
0. 5
0. 8
0. 8
0. 8
0. 8

1. 0

Burnup, at. %

FIGURE 5. 4

Irradiation Behavior of Th- 2. 5 wt% U- 1 wt% Zr,
Zircaloy- 2 Clad Fuel Elements

ETR
Cycle

54
55
56
57
58
59
60
61
62
63
64

1. 0

0. 8-

ad 0

Cl)I

0.4

0.2V

0

Teoretical
Fuel Volume Increase

0 0

0. 2

on-MEN

I ~II
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2. Th-U-Zr Alloys - R. S. Kemper

An additional coextrusion of a Th- 2. 5 wt% U-1 wto Zr alloy billet

in Zircaloy-2 was made to provide rod stock for fabrication tests to deter-

mine the feasibility of applying the hot-headed and projection welded

closure to Zircaloy-2 clad thorium base fuels. Coextrusion was done with

750 C, 2 hr preheat of a 2-1/4 in. diameter billet using a 0. 623 in, diam-

eter die for a reduction of 13. 4: 1. Extrusion constants were 18. 9 tsi max

and 17. 9 tsi running. This is a lower reduction ratio than has been used

previously and the degree of clad-core bonding is of interest. Examination

of as-extruded specimens is in progress.

Sections of ten coextruded Th-U-Zr alloys containing up to 5 wto

U and 10 wt% Zr were heat treated at 800 and 900 C to determine conditions

required for heat treatment of samples for defect corrosion testing.

Th-U-Zr alloys containing either beryllium or aluminum additions

were all fabricated to sheet stock approximately 0. 050 in. thick by hot

rolling in stainless steel compacts. Specimens have been prepared and

sealed in evacuated capsules for heat treating.

5. 8
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C. CERAMIC FUELS DEVELOPMENT AND FABRICATION

1. Preparation and Characterization of PuO -SS Cermets - S. Goldsmith

Pellets containing 20 vol% PuO2 in a stainless steel matrix were

pneumatically impacted to densities of 96 to 99% of theoretical.

The second in a series of elevated temperature stability tests was

completed. The PuO 2 - SS cermet pellets were heated to 900 C in vacuum,

and the density decrease determined as a function of heating time. Results

of the test are shown in Figure 5. 6. The rate of density decrease dimin-

ished with heating time, the cermet density decreasing by 2. 18% after

409 hr at temperature.

2

Q)

4)

C)
C)

U)
Q)

0
0 100 200

Heating Time, hr

300 400

FIGURE 5. 6

Decrease in Density of 20 vol%
When Heated in Vacuum

PuO -SS Cermet
at 9Q0 C

I
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2. Clad Plutonium Cermets - D. F. Carroll

Clad cermet disks containing S-Pu 2O 3 -50 vol% W, PuN-50 vol% W,

and PuO 2 -45 vol% (80 Ni/20 Cr) were prepared by pneumatic impaction.

3. EBWR Fuel Fabrication - R. E. Sharp, L. P. Murphy and

J. R. Hague

Delivery of 1500 EBWR UO2-1. 5 wt% PuO2 fuel rods was completed

as required for various physics experiments at Hanford. These were

fabricated by the process shown in Figure 5. 7. After completion of the

physics experiments, 1000 fuel rods will be shipped to Argonne and

assembled for early critical tests and subsequent full power operation in

the EBWR. The remaining fuel rods are being retained at Hanford for

further critical experiments in the Plutonium Recycle"Critical Facility

(PRCF). Fabrication of an additional 500 fuel rods is in progress.

Pu 02

CAN
U02 1-. PUOa NUPAC

TUBE
PREPARATION

U02-1.5 PUO 2
NUPAC POWDER

PREPARATION

R A E

RESONANT BEAM

1
PAC

RESONANT PLATE

'T000 '06
LEAK CHECK

tui-GQ
LEAK CHECK

cv
ETCH

WELD SECOND END CAF

VISUAL INSPECTION

FIGURE 5. 7

EBWR Plutonium Fuel Fabrication
Neg. 36882-1 CN

DEPLETED
U0 2

BLEND
UO2-1-5 PUO02

WELD FIRST
END CAP

AUTOCLAVE

DECONTAMINATE
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A program was initiated to recover 500 kg of fused UO2, initially

rejected for EBWR fuel fabrication due to high gas and/or carbon content.

A heat treatment at 1700 C for 6 hr in wet hydrogen was used. By improv-

ing the design of the boat used in the heat treating furnace, the capacity

was more than doubled and the program was successfully completed in

1 mo. Typical analyses of the UO2 before and after treatment were as

follows:

Carbon, ppm Gas Content, cc/g
Before After Before After

Lot 4 40-50 10-53 0. 19 0. 10

Lot 5 150-170 9 0.55 0.07

Gas and carbon analyses of the UO2- 1. 5% PuO2 , prepared from the

recovered UO2, have all met specifications, thus providing fuel material

for more than 600 additional EBWR fuel rods.

4. Pneumatic Impaction of EBWR Fuel - D. W. Brite

Gas-forming impurities in depleted UO2 , prepared from metallic

uranium by burning to U308 followed by hydrogen reduction, were respon-

sible for the low densities (94. 4% TD) achieved by pneumatic impaction.

Heat treatment of the UO2 in hydrogen containing approximately 1000 ppm

water vapor for 6 hr at 1700 C eliminated the gas-forming impurity and

permitted the attainment of impacted densities of about 99. 0% TD.

5. EBWR Cladding Evaluation - R. J. Lobsinger

Ultrasonic examination was completed on EBWR Zircaloy-2 cladding

tubes conditioned with an internal hone to remove burrs produced by air-

gauging operations. Of 361 tubes deburred, 229 were acceptable. Of

those not acceptable, 52 were rejected for external defects. Excluding

tubes with external defects, a recovery yield of 74% was realized by honing.

A shipment of 117 tubes was received as partial replacement of

477 earlier rejected and returned to the vendor. Ultrasonic inspection

of these tubes is in progress.

A group of EBWR cladding tubes fabricated by the same vendor

was supplied by ANL and was examined ultrasonically to further correlate
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the testing techniques used at Hanford with those used at ANL. Several of

these tubes exhibited defects 0. 0254 to 0. 0508 mm (0. 001 to 0. 002 in.)

deep. Typical defects are shown in Figure 5. 8. The general appearance

of the defect suggests a crack widened by etching.

As' Polished 20OX

As-Polished 2 OOX

FIGURE 5. 8

Internal Surface Defects in Zircaloy Tubing; Transverse Section

5. 12
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6. Vibrational Compaction of Small Rods(d) - J. B. Burnham and

J. J. Hauth

Using a ternary mix specified by a theoretical model for particle

packing, four small diameter rods containing W-26% Re heater wires

centrally located in a UO2 fuel column, were vibrationally compacted for

experimental studies to a UO2 density of 84 to 85% of theoretical.

7. Phoenix Fuels (f - W. L. Hampson, Jr. and C. H. Bloomster

A unique spiral machining process was developed to fabricate thin

Pu-Al alloy disks. Five thousand disks were fabricated for critical experi-

ments in the PCTR.

8. UG2-PuO2 Fast Reactor Fuel(d) - S. Goldsmith and M. D. Freshley

Results indicate that dry ball-milling followed by pneumatic impac-

tion offers a relatively simple and inexpensive means of preparing UO2-

PuO2 fast reactor fuel that meets often quoted criteria of particle size

and PuO2 distribution. Alpha autoradiographs of impacted UO 2 - 20 wt%

PuO2 mixtures that were ball-milled 32 and 64 hr revealed a uniform

distribution of alpha tracks, comparable to that obtained with coprecip-

itated and sintered (U, Pu)O2.

9. ThO2-PuO2 Irradiation Studies - M. D. Freshley and H. M. Mattys

The irradiation behavior of (Th, Pu)O2 fuel is being investigated as

part of a study of crossed progeny fuel cycles. Postirradiation examina-

tion of 15 hydrogen sintered pellet specimens in progress, while five

capsules of this series are still being irradiated. The twenty capsules

[1. 27 cm (0. 50 in.) diameter] contain (Th, Pu)O2 pellets of five different

compositions (2. 23, 5. 47, 8. 80, 14. 74, and 18. 48 wt% PuO2.

Structures developed during the irradiation of ThO2- 14. 74 wt%

PuO2 pellets (Figure 5. 9) are similar to those observed in irradiated

UO 2 , UO2-PuO2, and ZrO2-PuO2. It is doubtful that fuel melting occurred

in Specimen GEH- 14-595 (Figure 5. 9a) during irradiation. Columnar grain

refinement occurs with increasing exposure under these temperature con-

ditions. The center portion of Specimen GEH-14-596 (Figure 5. 9b), how-

ever, melted sometime during its irradiation. Plutonium self-shielding

5. 13
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and the high absorption cross-section of ThO2 caused a relatively flat

radial temperature profile. Autoradiographs show that radial fission

product migration is associated with grain growth. An unidentified white

appearing second phase is associated with high fission roduct concentration.

(a)
Photomacrograph Autoradiograph (positive)

Average Power Generation: 820 w/cm (GEH-14- 595)
Burnup: 1. 6 x 1020 fissions/cm 3

(b)
Photomacrograph Autoradiograph (positive)

Average Power Generation: 1170 w/cm (GEH-14-596)
Burnup: 1. 54 x 1020 fissions/cm 3

FIGURE 5. 9

Transverse Cross-Sections and Autoradiographs of Irradiated
ThO2 -14. 74 wt % PuO 2 Pellet Specimens (4. 7 X)

Neg. C3958, 358, C3959, 359
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Longitudinal cross-sections and autoradiographs of the irradiated

specimens (Figures 5. 10 and 5. 11) show that the ThO 2 fuel slumped into

the concave ThO2 end pellet and that only limited PuO 2 and/or fission

product diffusion into the ThO 2 occurred even though a diffusion bond was

formed between them. The autoradiographs also illustrate how different

operating conditions (temperatures) markedly affect fission product dis-

tributions over relatively small axial distances.

Aiutoradiograph (positive) 4. 8 X

ThO 2 End Pellet

K
Photomacrograph, 4. 8 X

FIGURE 5. 10

Longitudinal Cross-Section of the Bottom End of an Irradiated
ThO 2 -8. 8 wt% PuO2 Pellet Specimen (GEH-14- 590)

(Average power generation: 925 w/cm. Burnup: 0. 97x 10 2 0 fissions/cm 3 )

Neg. C1934, 264
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Photomacrograph,

Autoradiograph (positive) 4. 8 X

ThO 2 End Pellet

4. 8 X

FIGURE 5. 11

Longitudinal Cross-Section of the Bottom End of an Irradiated
ThO 2 -14. 74 wt% PuO 2 Pellet Specimen (GEH-14-594)

(Average power generation: 860 w/cm. Burnup0. 94x 1020 fissions/cm 3 )

The satisfactory irradiation performance of hydrogen sintered

(Th, Pu)O 2 pellets in the composition range from 2. 23 to 18. 48 wt% PuG 2

has been demonstrated. Maximum burnups of approximately 3 x 1020

fissions/cm 3 were achieved at maximum power generation rates of

1200 w/cm with molten cores. The high neutron absorption cross-section

of thorium and plutonium results in a flatter radial temperature profile;

Neg. C3466, 330

I
3

N.

K
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hence, for equivalent rod powers, higher plutonium concentrations result

in lower central fuel temperatures. Structures developed during irradia-

tion are similar to other irradiated ceramic fuel materials. Void and

fission product migration commences at grain growth temperatures.

Fission gas release data is being compiled and the specimens are

being sampled for an analytical determination of radial fission product

and/or plutonium migration.

10. Irradiation Testing of EBWR Prototypic Fuel Rods (g)- W. J. Bailey

Twenty-two, vibrationally-compacted, impacted UDO2- 1 . 5 wt%

PuO2 capsules are being irradiated. Ten have been discharged. Maximum

exposures achieved are 1. 1 x 1020 fissions/cm3 (7100 MWd/ton UO 2 ) and

2. 2 x 1020 fissions/cm 3 (3700 MWd/ton UO2, repectively.

D. FUELS TESTING AND ANALYSIS

1. UN- 20 wt% PuN Irradiation(d) - C. A. Hinman and D. F. Carroll

Two irradiation test capsules containing UN- 20 wt% PuN were

discharged from the MTR after attaining approximate average burnups

of 2. 5 x 102 0 fissions/cm 3 (~9, 000 MWd/ton) and 5 x 1020 fissions/cm 3

(~ 18, 000 MWd/ton). Examination of the lower exposure capsule is in

progress.

2. Irradiation of Uranium Monosulfide(d) - J. L. Bates

Postirradiation examination of US irradiated to ~ 3. 3 x 102 0 fissions/

cm3 revealed a 3. 8% fission gas release and the presence of an unidentified

phase with gross bubble formation.

3. Radiation Self-Damage of Plutonium Compounds - R. E. Skavdahl

and T. D. Chikalla

The lattice expansion of PuC appeared to be approaching saturation

after 975 days of alpha self-damage at room temperature while that of

Pu2C3 continued after 583 days.
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4. Fission Product Relocation in UO( - J. O. McPartland

Solid fission products were transferred from an irradiated to an

unirradiated sample of UO 2 along a potential gradient. A gradient of

about 1 v/cm was applied to the specimens during a 24 hr hold at 1500 C.

Subsequent radiochemical analysis revealed (Figure 5. 12) a transfer of

fission products not wholly accountable by concentration activated diffusion.

For the distance sampled, the nearly uniform concentration of fission

products in the unirradiated specimen suggests an ionic conduction

mechanism rather than a thermal diffusion process. In the case of thermal

diffusion, a significant concentration gradient would be expected in the

unirradiated specimen. (The Ru103 distribution may reflect thermal

diffusion.)
C-1
C-2

FURNACE H-1 C-3

IRRADIATED UNIRRADIATED

Iuna

C-3

Additional samples, pre-

sently being prepared for irra-

diation, will be run in order to

separate the relocation contribu-

tion of the several possible

diffusion and conduction

mechanisms.

FIGURE 5. 12

Fission Product Relocation
in U0 2 Along a Potential
Gradient of 1 v/cm

Neg. 0642054-2

Ba140 La140

r...Zr9 5 N b9 5

CeI4

Sr 89

-- Ru103

X02

E

10

1.0
H-1 C-1 C-2

S A M P L E

i i i i
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5. FissionProducts - Uranium Inclusions in Irradiated U(g) -2-
J. L. Bates

Preliminary radiochemical data show a concentration of cesium
and strontium in uranium metal inclusions formed during high temperature
irradiations of UO 2 .

6. Fission Fragment and Plutonium Distribution in UO (d)-
2-J. L. Bates

The migration of fission fragments and plutonium in UO2 fuel elements
during high temperature irradiations has significant importance in burnup
analysis, fuel element life and reactivity, and fuel behavior during irradiation.
Earlier reports have discussed the development and results of techniques for
measuring fission product distribution. (1-7)

(1) Ceramics Research and Development Operation Quarterly Report,
January-March, 1963, edited by E. A. Evans, HW-76301.

(2) Ceramics Research and Development Operation Quarterly Report,
October-December, 1963, edited by E. A. Evans, HW-76304.

(3) J. L. Bates, J. A. Christensen, and W. E. Roake. "Fission Products
and Plutonium Migration in Uranium Dioxide Fuel, " Nucleonics, vol. 20,
no. 3, pp. 8890. 1962.

(4) J. J. Cadwell. Fuel Development Operation Quarterly Progress Report,
January, February, March, 1962, HW-72347. April 16, 1962.(Secret)

(5) J. J. Cadwell. Fuel Development Operation Quarterly Progress Report,
July, August, September, 1962, HW-74378. October 15, 1962. (Secret)

(6) Ceramics Research and Development Operation Quarterly Report,
October-December, 1962, edited by E. A. Evans, HW-76300,
pp. 4. 45-4. 46.

(7) J. L. Bates. Metallic Uranium in Irradiated UO 2 , HW-8 2263.
May 1964.
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Microsamples initially used for measuring fission product distribution

were obtained by scribing the polished surfaces of fuel element cross sec-

tions with a vibrating tool. The loose oxide particles were removed from

the surface by adhesion to strips of Scotch tape, moistened gelatin

(mounted on a glass slide) or faxfilm. (1, 2, 3) Short segments of the line

of UO2 particles were dissolved in nitric acid for radiochemical analysis.

The technique had two major disadvantages: 1) scribing of the U0 2

surface often resulted in scattering of the dislodged oxide, and 2) only small

quantities of oxide were obtained, reducing the accuracy of the radiochemical

analyses.

More recently, a technique has been developed for remote micro-

drilling irradiated UO2. Small holes [approximately 0. 03 cm (0. 01 in. )

in diameter and 0. 050 cm (0. 02 in.) deep] are drilled at predetermined

positions on the fuel cross section. The holes can be drilled as close as

0. 065 cm (0. 026 in.) apart, and to within t 0. 0025 cm (0. 001 in. ). The

method provides large UO2 samples of unquestionable origin for radio-

chemical analyses.

Using this technique, radiochemical data (Figures 5. 13, 5. 14, and

5. 15) were obtained for three UO2 fuel elements irradiated under conditions

shown in Table 5. 3. Autoradiographs and photomacrographs of the fuel

cross sections are shown in Figures 5. 16, 5. 17, and 5. 18.

(1) J. L. Bates, J. A. Christensen and W. E. Roake. "Fission Products
and Plutonium Migration in Uranium Dioxide Fuel," Nucleonics, vol. 20,
no. 3, pp. 8890. 1962.

(2) J. J. Cadwell. Fuel Development Operation Quarterly Progress Report,
January, February,~ March, 1962, HW-72347. April 16, 1962. (Secret)

(3) J. J. Cadwell. Fuel Development Operation Quarterly Progress Report,
July, August, September, 1962, HW-74378. October 15, 1962. (Secret)

(4) C. L. Boyd. Microsampling of Irradiated Materials, HW-79122.
October 1963.
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FIGURE 5. 13

Fission Product Distribution in a Sintered Pellet Fuel Element
(APED-A- 597) Irradiated to 2 x 1019 fissions/cm 3

(The data represent analyses of microsamples from four radii.
See Figure 2. 18 for autoradiograph and UO 2 microstructure. )

Neg. 0641965-3
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FIGURE 5. 14

Fission Product Distribution in a Swaged UO Fuel Element
(GEH-14-178) Irradiated to 4. 7 x 10 2 0 f2ssions/cm3

(The data represent analyses of microsamples from two radii.
See Figure 5. 17 for autoradiograph and UO 2 microstructure. )

Neg. 0641965-1

Zr -Nb95

07

Ce Pr144

Ru106

06

Sr9

05

Cs 137

04

03

f



HW-83298

107

I Zr -Nb95

106

Ru1060

j o 0

O O

10

1n~ .IL.O

Distance from Thermal Center (cm)

FIGURE 5. 15

Fission Product Distribution in a Swaged UO 2 Fuel Element
(GEH-14-237) Irradiated to 6 x 1020 fissions/cm 3

(The data represent analyses of microsamples from two radii.
See Figure 5. 18 for autoradiograph and UO 2 microstructure.)

Neg. 0641965-2
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Autoradiograph Microstructure

O. 1 cm

FIGURE 5. 16

Autoradiograph and U0 2 Microstructure of Sintered Pellet Fuel Element
(APED-A-597) Irradiated to 2 x 1019 fissions/cm 3 .

See Figure 5. 13 for Radiochemical Data. )

Neg. 0641399
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/

I

(
p

FIGURE 5. 17

Autoradiograph and UO 2 Microstructure of Swaged UO2 Fuel Element
(GEH-14-178) Irradiated to 4.7 x 1020 fissions/cm 3 .

(See Figure 5. 14 for Radiochemical Data. )
Neg. 35699
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46

FIGURE 5. 18

Autoradiograph and UO 2 Microstructure of Swaged UO 2 Fuel Element
(GEH-14-237) Irradiated to 6 x 1020 fissions/cm 3

(Note holes resulting from microdrilling.
See Figure 5, 15 for Radiochemical Data. )

Neg. 15684
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TABLE 5. 3

UO2 FUEL IRRADIATION SUMMARY

APED-A-597 GEH-14-177 GEH-14-237

Irradiation Facility GETR MTR MTR

Number Equivalent Full Power Days --- 398 501

Estimated Heat Generation
Rates (kw/cm)

1. Initial 0. 87 0. 68 0. 63

2. Final 1. 23 0. 27 0. 19

Estimated Exposure
(Fissions/cm 3 ) 2 x 1019 4. 7 x 1020 6 x 102 0

Radiochemical results on samples obtained by microdrilling show

unusual resolution and reproducibility. The data in Figure 5. 13, for example,

represent results obtained from microsamples of four separate radii. These

results substantiate the autoradiographic data confirming areas of gross

depletion and concentration. While the autoradiographs provide significantly

better resolution, they cannot distinguish between the different radioisotopes.

The data from both autoradiographs and radiochemical analyses are, therefore,

essential for complete fission product distribution analysis.

Data from these latest results*t confirm those previously reported.(1-7)

(1) Gross fission product relocation occurs during high temperature

irradiation (> 1600 C) of UO2 fuel elements.

(2) The distribution of fission products varies from fuel element to fuel

element with major differences between low and high exposure.

(3) The distribution is related to the characteristic microstructures

formed during irradiation. Fission product depletion occurs in the

high density, porosity free, large columnar grains.

(4) The fission products concentrate in bands associated with concentra-

tions of metallic inclusions.

"The conclusions of this report apply only to UO 2 fuel elements. Similar
data have been obtained for UO2 containing PuO2 and ThO2 , and PuO 2 in
ZrO 2 , MgO. These data have been reported in the Ceramics Research and
Development Operation Quarterly Reports HW-76300, HW-76301, HW-76302,
HW-76303, HW-76304, and HW-81600.

(1-7) See page 5. 19
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(5) Ruthenium and cesium show the greatest tendency to migrate,

while Zr-Nb and Ce-Pr show the least. Strontium is intermediate.

In addition, the following conclusions were drawn from the latest data:

(1) The plutonium distribution departs from theory (assuming no

relocation) with a higher than theoretical concentration near

the thermal center. The migration of plutonium was speculated

from previous results(1, 2) which were less precise.

(2) The minimum in the fission product concentration (generally in

the porosity free portion of the large columnar grains) varies

among nuclides (Table 5. 4).

(3) The outer edge of fission product depletion corresponds to the

junction between the large and small columnar grains.

Efforts are now being made to determine the mechanism of fission product

migration.

TABLE 5. 4

FISSION FRAGMENT MINIMUM CONCENTRATION

Radius of Minimum Ratio of Maximum
Fission Fission Fragment to Minimum Fission
Fragment Concentration (cm) Fragment Concentration

Ce-Pr 1 4 4  0. 36 1. 4

Cs 1 3 7  0. 30 300

Ru 1 0 6  0. 34 100

Zr-Nb9 5  0. 39 1. 5

Sr9 0  0. 38 6

Plutonium 0. 40 1. 4

(1) J. L. Bates, J. A. Christensen and W. E. Roake. Fission Products
and Plutonium Migration in Uranium Dioxide Fuel, Nucleonics vol. 20,
no. 3, pp. 8890. 1962.

(2) J. J. Cadwell. Fuels Development Operation Quarterly Progress
Report, January, February, March, HW-72347. April 16, 1962.
(Secret)
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7. PRTR Fuel Element Performance - M. D. Freshley and

W. J. Flaherty

The present PRTR loading comprises 7 swaged U0 2 elements,

53 UO 2 --0. 48 wt% PuO 2 elements and 25 U0 2 -1. 0 wt% PuO 2 elements. A

summary of PRTR fuel exposures as of June 30, 1964 is tabulated below:

Mwd/ton Fissions/cm 3 x10 20

Maximum U0 2 Exposure/Element
(Swaged)

Average U0 2 Exposure/Element

Maximum U0 2 -0. 48 wt% PuG 2
Exposure/ Element

(Incrementally loaded, Vipac FE- 5118)

Maximum U02 -0. 48 wt% PuO2
Exposure/Element

(Incrementally loaded, Sw aged FE- 5142)

Average U02 -0. 48 wt% PuG 2
Exposure /Element

Maximum U0 2 -1. 0 wt% PuG2

Exposure /Element
(Nupac, Swaged FE-5214)

Average U0 2 -1. 0 wt% PuG 2
Exposure/Element

6080 1. 52

4530

6050

5860

3780

2700

1330

1. 14

1. 52

1. 47

0. 95

0. 68

0. 33

The entire PRTR fuel loading was examined in the storage basin.

General condition of the elements, several of which have reached exposures

greater than 5000 Mwd/ton, continued to be excellent. A broken circum-

ferential band on one element was the only physical damage noted among

the 85 elements. An increased incidence of local corrosion observed on

the higher exposure elements included crevice corrosion under some of the

circumferential bands. Unusual appearing corroded areas (about 1. 27 cm

diameter) were observed on the surface of two rods of one high exposure

(1. 22 x 102 0 fissions/cm 3 ) U02 -PuO 2 element. The cause of the accel-

erated localized attack is unknown. The condition of these areas will be

observed periodically during continued irradiation of the element.

A full length, vibrationally compacted U0 2 mark IX-B water tube

(inverted cluster) fuel element was successfully irradiated in the PRTR
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Rupture Loop. This test is the first of a series of long (246 cm) internally

cooled elements.

A maximum power of 356 Kw was achieved for the Mark IX-B at a

reactor power of 40 Mw (full power was not achieved before test interruption

after 11 hr because of mechanical failure of the FERTF resin columns).

Underwater basin examination showed the element to be in excellent condi-

tion. The irradiation will be continued after the necessary repairs to the

system have been made.

8. Postirradiation Examination of Failed PRTR Fuel Rods - M. D. Freshley

An incrementally loaded, swage-compacted, U0 2 -0. 5 wt% PuO2'
PRTR fuel element (FE-5168) was discharged at an average burnup of

1. 26 x 102 0 fissions/cm 3 (5120 Mwd/ton) at the end of a 27-day continuous

operating period. During this time, fission product contamination of the

primary coolant was indicated. A small stream of gas bubbling through the

cladding defect in the high flux region near the center of the element

(1. 8 x 102 0 fissions/cm 3 local burnup at the point of failure) made possible

the discovery of its location. Postirradiation examination revealed no

measurable rod swelling. Twenty-five psig internal helium pressurization

of the failed fuel section was required to produce a small bubble stream

similar to that observed at discharge. Metallographic examination revealed

that the element failed by cladding corrosion and penetration from the inside

(Figure 5.19). This failure, the first of its type observed in PRTR elements,

is characterized by a tree-like corrosion penetration of the inner surface of

the cladding, a small [0. 025 mm (0. 001 in. ) diameter] radially oriented

penetration through the cladding, and no metallographically discernible

hydride. Similar failures of Zircaloy-clad UO2 elements in this exposure

range reported recently by GE-APED, (1) are tentatively attributed to fission

product iodine attack of the Zircaloy.

(1) B. Weidenbaum and M. F. Lyon, General Electric Company, Atomic
Products Equipment Department, San Jose, California. Personal
Communication, September 1, 1964.
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FIGURE 5. 19

Cross-Section Through the Failure Region of a Swage-Compacted
UO 2 -0. 5 wt% PuO PRTR Fuel Rod (1. 26 x 1020 fissions/cm 3 )

(The photomicrograph shows the tree-like corrosion of the clad inner
surface and the small (0. 025 mm diameter) penetration through the

Zircaloy cladding. )
Neg. j641561
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Irradiation of Uranium Mononitride - L. A. Pember and R. E. Lyon

Two capsules containing pneumatically impacted uranium mono-

nitride were irradiated in the MTR to determine the characteristics of

this material for use as a nuclear fuel. The UN bulk densities of the two

capsules were 10. 26 g/cc (GEH-14-702) and 9. 96 g/cc (GEH-14-703). The

capsules were irradiated at rod powers of 646 w/cm (19. 7 kw/ft) and 1150

w/cm (34 kw/ft) to 0. 18 x 1020 and 0. 32 x 1020 fissions/cm 3 , respectively.

Even with the reduced thermal conductivity of the low bulk density fuel, there

appears to have been no sintering of the UN, as shown in Figures 5. 20 and

5. 21.

Fission gas release measurements showed that 0. 76% (GEH- 14-702)

and 1. 17% (GEH-14-703) of the total gas formed was released from the

particles. This corresponds roughly with the number of atoms fissioned

on the particle surfaces or near enough to the surface for a recoil release

mechanism to occur. The autoradiographs in Figures 5. 20 and 5. 21

revealed no large concentrations of fission products and only very small

localized areas of high concentration, usually within a dense particle of

UN; these localized areas may simply be contamination of the remotely

polished and autoradiographed specimens.

X-ray diffraction studies showed no change in the lattice parameter

of UN within the limits of accuracy of the procedure.

(1) Ceramics Research and Development Operation Quarterly Report,
January-March, 1964, edited by E. A. Evans, HW-81600.
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Cross- Sectional
Irradiated at

FIGURE 5. 20

Macrograph and Autoradiograph of a UN Capsule
Rod Power of 646 w/cm (GEH-14-702) 4. 8 X

Neg. C- 3566, AR- 335

41
.w

FIGURE 5. 21

Cross- Sectional Macrograph and Autoradiograph of a UN Capsule
Irradiated at Rod Power of 1150 w/cm (GEH-14-703) 4. 8X

Neg. C- 3422, AR- 327
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E. PRTR FUEL DEVELOPMENT AND TESTING

1. PRTR Fuel Fabrication (f)- R. C. Smith and R. J. Anicetti

Twelve UO2-PuO2 fuel elements were delivered to the PRTR. A

new vacuum outgassing facility was installed to permit better control of

processing variables and more expeditious fuel processing. Oil contamina-

tion of fuel materials has been virtually eliminated by use of a new pulverizer.

2. Pneumatic Impaction of PRTR Fuel - C. .A. Burgess

The density of pneumatically impacted (Nupac) UO 2 -1 wt% PuO2 has

been varying between 97 and 99% of theoretical density. In order to achieve

maximum packing in fuel rods, it is desirable to maintain a particle density

as close to 99% of theoretical as possible.

The process variables that are believed to effect Nupac density are:

(1) oxygen to uranium ratio (O/U), (2) pneumatic impact energy, and (3)

oxide temperature during impaction. The effect of increased pneumatic

impact energy cannot be directly evaluated, since the machine is currently

operating at maximum rated capacity. Moreover, oxide temperature studies

have established that the present temperature (1180 f 25 C) is within the

optimum range for best impaction characteristics. Therefore, a study was

initiated to evaluate the effect of O/U ratio on Nupac density and character-

istics. A two variable test with three replications was completed using the

following material treatments:

(1) Type A (Control): Normal UO 2 - 1 wt% PuO 2 as currently prepared

for PRTR production (-20 mesh). An O/U ratio of 2. 004 was

obtained by air roasting 16 hr at 125 C.

(2) Type B: Similar to Type A, except the roasting conditions were

adjusted to 16 hr at 142 C. The O/U ratio was 2. 06.

(3) Type C: Similar to Type A, without air roasting. The O/U ratio

was adjusted to 2. 015 by the addition of 3. 5 wt% U 3 08 .

Over the range of the test, the Nupac density increased from 96. 8 to

97. 8% of theoretical with increasing oxygen content. The plasticity of the

mixed oxide showed definite changes as illustrated in Figure 5. 22. A

5. 34



-~ l

Sample 170 A
O/U 2.004

100 X

4r-i

f ". r .'A

- **.

-~ *q*

h/U .e

r

Air

100 X

Sample 170 C
/U 2.20.15
100 X

FIGURE 5. 22

Effect of Increasing, Nonstoichiometric Oxygen Content on Plasticity
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secondary effect was noted in strain gage readings of the impaction loads

developed (Figure 5. 23). As the O/U ratio increased, the plasticity of

the oxide improved and the material flowed more easily. The result was

less pneumatic energy expended in mechanical work and more energy sub-

sequently available for particle impaction.

5. 5

5.01-

4. 5hr
,

Cl)

Cd)

Cl)

0

0

C)

003

Impaction

2.008 2.013 2.018

Oxygen/Uranium Ratio

FIGURE 5. 23

Load as a Function of O/U Ratio

It was concluded from this test that the achievement of high density

oxide by pneumatic impaction is very dependent on controlling the oxygen

content of the system. The 0/U ratio must be above 2. 010 to maintain

good results.

4.t7
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3. Inverted Cluster Fuel Element(f) - C. H. Allen, J. J. Hauth, and

R. J. Lobsinger

Fabrication of the first inverted cluster fuel

element for the PRTR was completed and the

element successfully irradiated.

A sectional view of the Zircaloy- 2 clad fuel

element is shown in Figure 5. 24. The overall

length is 247. 5 cm (97. 25 in. ) and the OD is

8. 17 cm (3. 225 in. ). The outer large tube

cladding has a 1. 52 mm (0. 060 in. ) wall thickness.

The seven internal cooling channels are 0. 71 mm

(0. 030 in.) wall thickness and 1. 28 cm (0. 505 in. )

ID. End plates were machined from solid blanks

of 9. 35 mm (0. 375 in. ) thick Zircaloy-2.

Ultrasonic testing techniques were used to

t3i inspect the Zircaloy- 2 cladding. Special tech-

; niques were developed to inspect for the sound-

ness of attachment of eight equally spaced ribs

electron-beam welded to the outer surface of the

outer clad. Examination disclosed several areas

in which the weld was undercut and contained

crevices; these areas were removed to prevent

potential LiOH concentration with subsequent

corrosion.

The inverted cluster was assembled and

welded together prior to filling with normal UO2.

The cladding assembly was TIG welded in a

helium atmosphere.

The UO 2 , pneumatically impacted to an

FIGURE 5. 24 average particle density of 98% of theoretical,

Inverted Cluster was crushed, screened, and blended to three
Fuel Element

Neg. 0641807
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size fractions of 67% -4+9, 15% -14+28, and 18% -100+325 (Tyler screen

series). The material was vacuum outgassed for 6 hr at 700 C.

The UO2 was introduced through three holes on top of the fuel ele-

ment and vibrationally compacted to a density of 81% TD. After filling,

the holes were closed with studs to which the top fuel element end hanger

was attached. The studs were welded to the end plate in a helium atmos-

phere. After leak checking, the entire element was etched and autoclaved.

Work is also proceeding on a second element which is similar to the

one described; but contains larger coolant channels in which replaceable

small spike element rods will be inserted.

4. Fuel Cladding Corrosion( - R. J. Lobsinger

Tests were performed to evaluate the effect of iodine on the behavior

of Zircaloy-2 exposed to high stress at elevated temperatures. No stress

cracking has been found in tests evaluating concentrations of iodine

expected from exposure in the PRTR for 300 days at 8. 5 x 1020 nvt.
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VI. GAS-COOLED REACTOR STUDIES

A. EXPOSURE CORRELATION METHOD FOR DAMAGE STUDIES(d) -

H. H. Yoshikawa and R. E. Dahl

In many radiation-damage experiments, interest centers upon the

change of a property such as strength, dimensions, or thermal conductivity,

caused by exposure to neutrons. Experiments are conducted in many types

of reactors with dissimilar neutron spectra. Moreover, structural materials

are used at positions in reactors where spectra are quite different from those

encountered in test facilities. An exposure unit which corrects for differ-

ences in spectra must be developed if data from experiments conducted in

one reactor are to be correlated with data generated in dissimilar reactors,

or if these data are to be properly applied in the design of reactor compon-

ents. An exposure unit that was proposed in an earlier report(1) will be

applied to the analysis of a body of experimental data.

The exposure unit proposed is the integrated flux above a chosen

energy EL, which is specified by the condition that the integrated flux

above EL be proportional to gross displacement production for the spectra

under consideration. D(EL) is the displacement rate divided by the integrated

flux above EL and is calculated by the equation:

D(EL) = ]2
(E)a(E)N(E)dE

EL(E)dE
0

where:
M(E) is the neutron spectrum

s(E) is the differential elastic scattering cross section of the material

N(E) is the number of displacements caused by the single collision
of a neutron of energy (E) with an atom.

In practice EL is varied until D(EL) is constant for a number of diverse spec-

tra. When this condition is satisfied displacement production is the same per

integrated flux in these spectra. There is no a priori reason for the existence

of a discrete value of EL to satisfy these conditions since an optimization

process is involved; however, for a useful variety of spectra the conditions

can be fulfilled.

(1) Quarterly Progress Report, Research and Development Programs,
Executed for the Division of Reactor Development, July, August,
September, 1963, HW-79280.
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The exposure unit is based entirely upon a theoretical analysis of

the damage process. Therefore application of the unit to experimental data

is the critical test of its validity. Experiments by Steele and Hawthorne(1)

provided data gathered under sufficiently controlled conditions to check the

proposed unit.

A number of A212B steel samples were irradiated in two positions

in the Low Intensity Test Reactor (LITR) and in the Brookhaven Graphite

Reactor (BGR). Specimens were Charpy V notch samples and irradiation

temperatures were between 200 and 280 F, which can be considered con-

stant for this type of test. Impact tests were made after irradiation to

determine the shift in nil-ductility temperatures with exposure.

A transport-theory analysis was made of each reactor to calculate

fast-neutron spectra in sufficient energy and spatial detail to interpret

radiation-effects data. The calculated spectra in the three irradiation

positions and the fission spectrum are shown in Figure 6. 1. Each is drawn

to have equal area under the curves from 0. 18 MeV to 10 MeV. The LITR-

18 position has fuel elements on three sides, and the spectrum is more

similar to a fission spectrum than the other two spectra. The LITR-55

position has more beryllium immediately adjacent giving rise to a peak

from the Be(n, 2n) reaction, and a more moderated spectrum than is

observed in the LITR- 18 position.

The BGR W-44 irradiation facility is a side-to-side test hole

through the reactor passing between the fuel channels. During irradiation,

the samples were positioned with only 3/4 in., of graphite between the samples

and the fuel elements. Although one might assume that a fission spectrum

would be a good approximation of the spectrum at the sample position because

of the small amount of moderator, this is not the case. The damaging power

of this spectrum would be seriously underestimated if one measured the

neutrons of energies greater than 3 MeV with a threshold monitor and used

a fission spectrum to estimate the remaining fraction of the damaging

neutrons.

(1) L. E. Steele and J. R. Hawthorne. Materials and Fuels for High
Temperature Nuclear Energy Applications, The MIT Press, Cambridge,
Massachusetts, 1964. pp. 366-401.
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2
(1. 35)

Lethargy, p
Energy, MeV

FIGURE 6. 1

Spectra in Irradiation Facilities Used by NRL

The experimentally observed property changes were originally

plotted (Figure 6. 2) as a function of exposures based on the unit, neutrons/

cm 2 , E> 1 MeV, as determined by nickel activation but assuming a

fission spectrum for each irradiation facility. Data from each position

are seen to be self-consistent, attesting to the experimental control. How-

ever, an analysis of variance indicates with greater than 99% confidence

that the data from the BGR W-44 facility are a separate body of data.
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Damage in the BGR occurs at nearly twice the rate as in the LITR. This

difference could cause significant errors in reactor design.

300 0O

200

* LITR-18

O LITR-55

A BGR-W44

100111I
1018 1019

ft, E > 1. 0 MeV, Fission Spectrum Assumed

FIGURE 6. 2

Shift in Nil-Ductility Temperatures with Exposure

If the calculated spectra are used to obtain the number of neutrons

above 1 MeV, the results take the form of Figure 6. 3. Although there is

noticeable improvement, the data from the BGR are still statistically

separable at the 90% confidence level. Damage in the BGR spectrum

would again be underestimated on the basis of LITR data.

If exposures are calculated to EL = 0. 5 MeV, the data from the

two reactors are now in good agreement as shown in Figure 6. 4. In

particular, the BGR data have been shifted relative to the LITR data. An

analysis of variance indicates that the BGR data fall within the scatter

observed in the other data and are, therefore, not a separate body of data.

A further analysis was made using exposures to 0. 18 MeV (Figure

6. 5). Although it would be predicted that the BGR data would be over-

corrected on this basis, it may be seen that a most perfect normalization

is attained. However, the change in the data between the limits 0. 5 MeV

and 0. 18 MeV is not statistically significant.

6. 4
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FIGURE 6. 5

Shift in Nil-Ductility Temperatures with Exposure

It is concluded that when data were normalized by conventional

methods without considering the spectra, a 50% difference was observed

between data from a graphite-moderated reactor and data from a light-

water-moderated reactor. This difference was eliminated when the data

were normalized with the proposed unit. This demonstrates the necessity

for making spectral determinations and for considering them in the inter-

pretation of irradiation test data. Proper normalization of exposures is

more critical when applying test data to the design of a pressure vessel

or other service positions since spectral variations could be even more

extreme than the cases considered here.

B. HIGH-TEMPERATURE IRRADIATION OF FURFURYL-ALCOHOL

IMPREGNATED GRAPHITES(a) - H. H. Yoshikawa

The effect of impregnant carbon on high-temperature, radiation-

induced contraction of graphite has been tested by preparing samples in

which the impregnant was added to a completely fabricated material.

Through irradiation of impregnated and unimpregnated samples simul-

taneously, the differences in behavior could be attributed unambiguously

6. 6
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to the impregnant carbon. Samples were impregnated with furfuryl alcohol

and heat treated to 900, 2650, and 2900 C. * These samples plus an

unimpregnated control sample have been irradiated five times in the ETR

to a maximum exposure of 5. 5 x 10 21 neutrons / cm2 , E > 0. 18 MeV.

Samples of TSX, NPR core graphite, and HLM-85, a graphite used

in the fuel element of the Peach Bottom Reactor, were used in this study.

TSX is a needle-coke, pitch-bonded, 3000 C graphite with a bulk density of

1. 70 g/cm3 . HLM-85 is a Texas-coke, pitch-bonded graphite graphitized

near 2800 C with a final density of 1. 85 g/cm3 . The higher density of

HLM-85 is the result of greater impregnant carbon content, estimated at

29 wt% by the manufacturer. The average weight gain as a result of the

furfuryl-alcohol impregnation was 7. 6% in TSX and 3. 9% in HLM-85.

Evidently, the impregnation treatment given to HLM-85 by the manufacturer

reduced the pore volume accessible to the furfuryl alcohol.

Irradiations were performed in the ETR G6-SE and SW positions

in unmonitored "hot" capsules. Temperatures were estimated from the

gamma heating reported by ETR personnel utilizing a heat-transfer computer

code. Although the temperature is not exactly known, all samples in a cap-

sule would run at the same temperature and hence the comparison of data

among those samples would be quite valid. Exposures were determined

by the activation of nickel and iron monitors in conjunction with spectra cal-

culated by the 2DXY computer code.

The most interesting behavior is exhibited by the transverse samples

of TSX, Figure 6. 6. The amount of contraction has evidently saturated in

the impregnated samples heat treated to 900 and 2650 C, since both have

expanded slightly during the last irradiation even though the net dimensional

change is still negative. Both the control and the impregnated samples

heated to 2900 C have obviously begun to contract much more slowly. These

results are similar to observations by Woodruff(1) on a series of samples

heat treated from 1370 to 2700 C. For those samples, the set heated to

the lowest temperature began to expand at a much lower exposure than the

other samples.

* Samples were obtained through the cooperation of G. B. Engle of the
General Atomic Division of General Dynamics Corp.

(1) E. M. Woodruff.. Unpublished data. 1964.

6. 7



6. 8 HW-83298

0

-0. 2

-0. 4

-0.6

" Nonimpregnated
-0. 8 o 900 C Irradiated Temperature

+ 2650 C 1200 C (estimated)
-1.0 0 2900 C

- 1. 2
0 10x10 2 0  20 30 40 50 60

Exposure, nvt E >0. 18 MeV

FIGURE 6. 6

TSX Transverse Samples 164-10, 11, 12 and 13

The parallel samples of both TSX and HLM-85 are quite consistent.

This is illustrated for HLM-85 in Figure 6. 7. The graphitized impreg-

nated samples have contracted more than the control sample by 15 to 30%

for total contractions ranging from 1. 0 to 2. 3%. These tests show quite

clearly that impregnations with furfuryl alcohol enhance the contraction

of fully graphitized graphites.

The impregnated samples heated to 900 C have in some cases

contracted about the same as the control samples and in all cases have

contracted less than the graphitized impregnated samples. Thus these

further results confirm the observation that if furfuryl alcohol impreg-

nation is a necessary step in the manufacture of a graphite component,

the graphitization step may be eliminated insofar as radiation-induced

contraction is concerned.
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FIGURE 6. 7

HLM Parallel Sample 1494 7-5, 7-6, 7-7, and 7-8

C. LONG-TERM IRRADIATION OF EGCR GRAPHITE(a) - J. W. Helm

An experimental program, underway since May 1960, is being

conducted to determine the long-term irradiation stability of the graphite

used as the moderator in the Experimental Gas Cooled Reactor (EGCR) at

Oak Ridge. The tests are being conducted in the General Electric Test

Reactor and seven successive experiments have been completed.

The graphites being irradiated are NC7, NC8, and CSF. Details

of the properties of these graphites and the sampling techniques used are

given in HW-78388.

The neutron exposures were determined from the activation of

flux-monitor foils of nickel, iron, and titanium contained. in each

n
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irradiation capsule. The neutron spectrum in the reactor testing position

was calculated by use of the 2DXY computer code and used in conjunction

with the activation cross section for the monitor material. All exposures

refer to neutrons having energies greater than 0. 18 MeV and all are based

on experimental results rather than on the average calculated (PDQ) flux

as reported in HW-78388. This change has reduced the neutron exposures

to about 60% of the values reported by the previous method.

The length-change data for the transverse CSF samples are pre-

sented in Figure 6. 8. The contraction of the samples irradiated at the

maximum temperature, 775 to 800 C, has reached a maximum and the

sample is expanding with increasing exposure. The rate of growth between

the last two data points is approximately equivalent to the growth rate for

similar graphite irradiated at 250 C. The 425 to 475 C and 700 to 725 C

isotherms appear to show a decreasing contraction rate indicating they

may also be approaching a maximum contraction.
0

o0

-0.2 0
Co

0

-0.4
0

0

C~ -0.6
-W6 775-800 C

CU
-0.8

U
575-625 C

bfl

v) 425-475 C
2 -1.0

700-725 C

-1.2

-1.4
0 2.0 4.0 6.0 8.0 10.0

Fast Neutron Exposure bvt x 10- 2 1 , E > 0.18 MeV

FIGURE 6. 8

Concentration of CSF Graphite (Transverse) as a Function of Exposure
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The data from the CSF parallel samples are presented in Figure 6. 9.

The figure has the same scale as Figure 6. 8 so that the large differences

between the transverse and parallel data are readily apparent. All curves

continue to show an increasing contraction rate with increasing exposure.

Figure 6. 10 presents the data from the EGCR samples cut transverse

to the extrusion axis. The NC7 sample irradiated at 775 to 800 C also

reached a maximum contraction and- is now expanding with increasing expo-

sure. The sample now exhibits over twice as much net growth as the maxi-

mum contraction it attained. The rate of growth is approximately the same

as the rate of contraction of the EGCR parallel samples irradiated at 775 to

800 C. There continues to be a significant difference between the NC8 and

NC7 graphites.

The data from the EGCR parallel samples are presented in Figure

6. 11. There were no statistical differences among the three types of parallel

samples (N1, N2, N3 or P1, P2, P3) and consequently all the data are plotted

as either NC7 or NC8. The isotherms indicate the parallel samples are

not as temperature sensitive as the transverse samples at irradiation tem-

peratures above 575 C. The contraction of the NC7 samples is nearly

identical to the CSF parallel samples. The NC8 samples contract less at

800 C than the CSF and about the same at the lower temperatures. The

rate of contraction continues to increase with increasing exposure.

Complete information on the experimental program including all

irradiation results on changes in length, volume, X-ray parameters,

electrical resistivity and Young's Modulus of Elasticity will be presented

in HW-7 1500 B, The H-3 Irradiation Experiment: Irradiation of EGCR

Graphite, Interim Report No. 2.

6. 11
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VII. INSTRUMENTATION AND NONDESTRUCTIVE TESTING

A. PRP INSTRUMENTATIONf

1. Gamma Scanner Facility - J. L. Stringer

An underwater irrradiated fuel scanning facility was completed and

installed in the PRTR fuel storage basin. The facility is capable of mea-

suring relative fuel burnup along a rod or element and of measuring relative

activity over the length of irradiated wires and process tubes as an aid to

the development of reactor physics analysis methods. The facility consists

of an underwater elevator to hold and fix the position of the fuel element,

a small-aperture collimator coupled to the shielded detector container, a

track section to change the detector-collimator position on the fuel element

and a detector electronics system.

The elevator can be tilted to a vertical position for loading and can

be raised or lowered to match the collimator length being used. Fuel

elements up to 7. 5 ft long and up to 3. 5 in. in diameter can be placed on

the elevator for scanning. Several collimator lengths were fabricated so

that fuel with postirradiation ages from 2 wk to greater than 1 yr could be

scanned. The collimator consists of a 3 in. diameter wet support tube

which encloses a 0. 5 in. diameter dry tube. The dry tube is terminated

on each end by 3 by 4 in. thick lead pieces which are aligned with 0. 25 in.

diameter apertures. The detector shielding provides 4 in. of lead on all

sides of the detector and consists of 1 in. thick rings. Figure 7. 1 shows

the detector shield and collimator support frame in position on the scanning

track. The elevator is located under water directly below the scanning

track.

The scintillation detector is located inside the shielding and rests

upon the upper-end collimator lead piece and over the aperture. Cables

connect the detector to the electronics cabinet located a few feet away.

Figure 7. 2 shows the electronics cabinet and Figure7..3 shows the electronics

block diagram. The base line drive is used to record the gamma spectra

from the fuel elements. The scaler and timer are used to take data for

7. 1
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FIGURE 7. 3

Block Diagram of the Gamma Scanner Electronics

the fuel element scan. The gamma energy band used for a fuel element

scan is centered at 0. 70 MeV with a window width of 0. 31 MeV. Signal

to background ratios as large as 30:1 have been measured for fuel rods.

The data shown in Figure 7. 4 were obtained by the Reactor Snslysis

Operation. These data are from an exposed Pu-Al alloy fuel rod which

was scanned in the facility, and then chemically analyzed for Cs1 3 7 at

various positions along the fuel rod.

The results from the scanner have been marginal to date in that

only about one out of four fuel rods scanned gives as good agreement with

the chemical analysis as that shown in Figure 7. 4. The scanner is subject

to errors from fuel warpage, changes in fuel-to-collimator geometry,

repositioning following a background count, gain drifts in the electronic

circuits, and energy calibration of the electronics before scanning. The

errors from fuel warpage and geometry have been minimized by the

addition of brackets to hold the fuel in a fixed position and by changing the

lower end of the collimator so a closer tolerance is held with the fuel.

Preparations have been started on a method to block the signal so a back-

ground count can be taken without disturbing the scanner position, and to

provide a means to quickly check and correct the system calibration.

7. 4
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FIGURE 7. 4

Comparison of Gamma Scanner Data to Chemical Analysis Data
for a Low Exposure Pu-Al Alloy Fuel Rod

A series of tests will be performed during the next quarter to

determine the cause of the drifts in the electronic system. Modifications

will be made to the detector shielding to allow the use of a calibration

check source during a fuel scan. Fabrication will be started on a signal

blocking mechanism for background counting.

2. Relay Circuit Fault Finding System - E. M. Sheen

In the PRTR electrical safety circuitry, which contains many

cascaded relay contacts and considerable wiring in long conduits, difficul-

ties were being experienced with intermittent open circuits whose position

in the electrical system was difficult to determine. It had been planned

to extensively revise the wiring to locate the circuit malfunctions. To

obviate the need for such extensive modifications, a relay circuit fault

finding system was developed, tested, and successfully placed in operation.

The intermittent open circuit conditions, which improperly initiated

reactor shutdown safety circuits, necessitated the positive identification of

the faulty contact or wire. The developed fault finder, for which invention



76 HW -83298

report HWIR- 1719, Relay Circuit Fault Monitor was submitted, employs

logic circuitry to monitor three input dc voltages and one input ac voltage.

A general logic block diagram for the instrument is shown in

Figure 7. 5. For the PRTR application, the logic "0" voltage was chosen

Relay Lgc1= otContacts and Gates Logic 0 1volts+24
11 Al

1  
+1Do 2

In RC O B

IA
I1. qR 

NOR 
B C

2n R1  DI11
2" A2

3B

3nR ORA B C
C 1 3 D

1C A4

K1 A

r1EO C D

Long Cable

Lamp Driver

Red

Set 0 AA

Green

B BRe d

C Red

-I-QiGreen

1 5

Green

(>-Reset
ac urrent SiliconCurrent Trans Diode

former 
ID

BRIDGE 2 VOLTAGE
ECTIFIE D1  C2 COMPARATO

FIGURE 7. 5

Block Diagram of Relay Circuit Fault Monitor

to be equal to the shown K1 relay operating voltage. The relay contacts

were divided into three groups and outputs IA, 1B, and 1C were connected

to the logic network. For a properly operating system, contacts 11 through

3n are closed and K1 is energized. Contact K11 completes an ac power

circuit used in the system control. Presence of this alternating current

is detected through the use of a current transformer and bridge rectifier
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combination, Logic level switching is provided by D1 , R2 C2 and a voltage

comparator. The comparator output connects to the fourth input of the

logic network.

The logic network comprises four gate circuits driving four

binaries with the binary outputs connected to lamp drivers. Feedback

connections are made from the ABCD outputs to the NOR gates to provide

a "lock out" function. After a short time delay, operation of any binary

inhibits operation of any others, assuming the four binaries were initially

reset such that outputs A, B, C, and D were in the "0" state. Thus, for

example, if the circuit between inputs 1B and 1C momentarily opens,

binary C changes state and the green lamp becomes dark and the red lamp

brightens. The C output is connected to the four NOR gates and inhibits

further action after a short time delay due to R1 and C1. Thus after

reset, an open circuit occurring higher in the network can operate more

than one binary. The result of "opens" at various points is tabulated

below:

Momentary
Open Circuit Brightened

at: Red Lamps

31 through 3n C only

21 through 2n B and C

11 through in A, B, and C

ac circuit D only

B. NEUTRON FLUX MONITORS(e)

1. Regenerating Neutron Flux Detectors - W. L. Bunch

Analyses of the experimental data from the irradiated regenerating

plutonium samples were completed and a formal report was completed

presenting the results of the study. (i) The report completes the phase of

the work which has established an experimental-calculational technique

for optimizing the isotopic mixture in a regenerating detector for a given

reactor environment. The results indicate that the achieved accuracy is

limited by the absolute value of the isotopic cross sections; therefore,

(1) W. L. Bunch. Regenerating Detector Techniques for Reactor Neutron
Flux Monitoring, HW-'8 1986. May 15, 1964.
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further refinements in either the experimental or calculational techniques

appear to be unnecessary.

Cross sections used in the data analyses were obtained from the

Hanford RBU cross section library tape using the GANDS program which

calculates g and s factors as defined by Westcott. These factors are used to

approximate the variation in cross section as a function of the neutron tem-

perature and spectral distribution. Although it was found that cross sections

obtained from different sources varied somewhat, the end results of the

regenerating detector calculations were quite similar, indicating a degree of

internal consistency within each cross section compilation. The dominant

uncertainty associated with the regenerating detector calculations is due to

the uncertainty in the values of the cross sections at 2200 m/sec rather than

the temperature-spectral parameters. For this reason, it is unlikely that

significant improvement in the accuracy of the values will be available in the

immediate future.

Figure 7. 6 presents the experimental results obtained using plutonium

regenerating elements along with the calculated curves obtained uing the

MIN of INT program. The experimental data were normalized at the origin.

The small differences between the experimental points and the calcu-

lated curve are well within the quoted uncertainties in the 2200m/sec cross

section values.

Two ionization chambers are being fabricated to demonstrate the

application of regenerating elements. The cathode coating in.these chambers

will be uranium which is approximately 90% U234 and 10% U235. This is the

calculated optimum composition for use within the reactor water-cooled facility

in which they are to be tested. The MIN of INT results indicate that a useful

liftime of approximately 5 x 102 1 nvt should be possible for a sensitivity

variation within f10%. The chambers were designed for a neutron sensitivity

of about 10- 1 6 A/nv and a gamma sensitivity of about 5x 10-13 A/R/hr.

Arrangements were established for the approved use of a test facility

in KW-Reactor for the long term evaluation of the chambers. The equipment

necessary for installing and positioning the chambers within the reactor was

designed and is being fabricated. Incorporated in the chamber positioner is

a passageway to permit traverse wire irradiations which will be utilized to

obtain comparative information throughout the chamber lifetime.
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FIGURE 7. 6

Relative Sensitivity of Regenerating Plutonium Detectors

2. Boron-11 Detectors - W. L. Bunch, M. R. Wood, and L. D. Philipp

Background current generated in the cable has hampered develop-

ment of a practical in-core neutron flux monitor using B11 as the

sensitive element. A consideration of the sources of background current

has led to the conclusion that the signal cable center conductor should be

small. Early attempts to use a 3 mil diameter stainless steel wire

supported by ceramic insulators were unsuccessful because of mechanical

damage caused by vibration of the long assembly in the reactor test

facility. Mechanical considerations led to the conclusion that solid-sheath

coaxial cables should be employed.

Cables have been designed and fabricated to permit experimental

evaluation of three parameters which influence the background current

generated in a reactor environment. The parameters are:

" the diameter of the signal wire,

" the diameter and thickness of the sheath material, and

100

8u
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" the type of insulating material.

Cables were fabricated with stainless steel signal wire diameters of 1. 5,

3, and 10 mils; the outer sheaths have diameters of 20, 40, and 125 mils;

both aluminum oxide and magnesium oxide insulation were used. Sample

sections of the cables are shown in Figure 7. 7. Insulation resistance of

the approximately 20 ft long cable assemblies at room temperature vary

considerably (up to 0. 2 TO) depending on the combination of parameters.

In every case the resistance exceeds 20 MCI which is considered to be

adequate for use with a B1 1 detector. A dual-lead cable was fabricated

for experiments in cancellation of background currents.

S--_~1 -.

~~jj) L7 -

Neg. 0641877 FIGURE 7. 7

Miniature Cables, Components, and an Assembled B 1 1 Detector
for In-Core Neutron Flux Measurement

Test equipment is being assembled for the in-reactor evaluation

of the relative importance of the various cable parameters. Electronic

equipment includes picoammeters for measuring the anticipated small
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currents, a special variable voltage supply for determining the effects of

the magnitude and direction of the field between the wire and sheath and

ohmmeters. Mechanical equipment includes the designed irradiation

assembly for positioning the cables within the KW-Reactor test facility.

Design and fabrication of a B11 element for use with these cables

has progressed concurrently. Components and an assembled detector are

also shown in Figure 7. 7. The B 1 1 is contained within a 1 mil steel sleeve

which was made by rolling and soldering sheet steel rather than by drilling

and machining solid stock as before. Quartz insulators are used to

support the sleeve concentrically within the collector sleeve. The irradia-

tion capsule has been redesigned to reduce the vibrations encountered in

earlier tests.

3. Microwave Neutron Flux Monitor - D. P. Brown and N. S. Porter

During this quarter experiments were performed which measured

the effect of a neutron flux on the resonant frequency of a He 3 filled micro-

wave cavity. In essence, a probe (Figure 7. 8) was designed to measure

the shift in resonant frequency of the cavity as it was inserted in a reactor.

Results of performing this experiment in KW-Reactor are shown in Figure

7. 9. Data taken at successive positions as the probe was inserted toward

the center of the reactor core revealed a frequency shift of from 32. 145

Gc/sec to 32. 178 Gc/sec, or a total shift of about 33 Mc/sec. Surprisingly,

the frequency shift was much greater as the probe traversed positions

nearer the edge of the reactor core. A 25 Mc/sec change was observed as

the probe was inserted through the first three arbitrary test points.

Neg. 0640924 FIGURE 7. 8

Disassembled Probe Used in KW-Reactor Microwave Experiment
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++

Arbitrary Test Points

FIGURE 7. 9

Curves Showing Variation of Neutron Flux Density and Microwave
Cavity Resonant Frequency with Distance in Reactor Core

(Test points lie equi-distant on a straight line with ascending
numbers representing positions nearer the center of the core. )

Considerable effort was devoted to correcting probe difficulties

which had hampered earlier attempts to obtain these data. Whereas

earlier results were inconclusive because of excessive heating which

changed the capsule dimensions, the capsule temperature in this case was

held constant to within 20 C by special precautions taken to promote cap-

sule cooling.

A mass spectrometer gas analysis was made to insure He3 purity.
Results are shown in Table 7. 1.

TABLE 7. 1

MASS SPECTROMETER GAS ANALYSIS
(Values shown in mole %)

3He = 99.85 CO2 ='C0.001 02 =<0.002
4

He = 0. 14 CH4 =<0 .001 N2 +CO =<COiH.A =2

He-00 r=<.0 00
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The cross section of He3 is 5400 barns. The "saturation" of the

frequency shift with increasing ionization illustrated in Figure 7. 9 has not

been conclusively explained. Further experiments are planned to verify

these data and to investigate possible sources of error.

Also during the quarter experiments were made to investigate

the cross coupling of microwave energy from one waveguide to another as

a gas between them became ionized by a neutron flux. Experimental probes

based upon this priciple were fabricated and inserted in KW-Reactor. How-

ever, these experiments were terminated early when a component failure

allowed reactor cooling water to enter the probe. This problem has been

corrected in preparation of furthur tests to be made next quarter.

C. NONDESTRUCTIVE TESTING RESEARCH AND DEVELOPMENT(d)

1. Electromagnetic Testing - H. L. Libby

The multiparameter eddy current test concept was developed as

a result of a search for a method to obtain more information about test

specimens than can be obtained using conventional eddy current test methods.

The first application of the method was demonstrated in an instrument

which independently indicated the thickness of each layer of a multilayered

metal specimen.

Some of the capabilities of the new test technique have now been

demonstrated in laboratory tests on the multiparameter eddy current tubing

tester. The results of these tests conducted on a section of N-Reactor

Zircaloy- 2 process tubing having fabricated flaws are shown in Figure 7. 10.

This instrument consisted of the multiparameter test equipment with a

differential test coil assembly operated simultaneously at two test frequencies.

This system has four parameter readout capabilities, but for this test only

two output channels were recorded. The tester was adjusted to read out-

side diameter (OD) flaws on'one channel (upper record, Figure 7. 10) and

inside diameter (ID) flaws on the second channel (lower record, Figure 7. 10).

All measured flaws were 1/8 in. diameter drill holes except No. 3 which

(1) H. L. Libby and K. W. Atwood. Broadband Electromagnetic Testing
Methods, Part III - Parameter Extraction, HW-79553. November, 1963.

7. 13



HW-83298

was 1/ 16 in. diameter. Flaws No. 1, 2, 3, 7, and 10 were drilled from the

outside of the tube to various depths as shown. Flaws No. 5, 6, 8, and 9

were drilled from the inside of the tube, and flaw No. 4 was drilled through

the wall. The OD flaws and the smaller ID flaws (No. 5 and 6) only gave

an indication on their respective channel record. The deeper ID Flaws No.

8 and 9 gave large indications on the ID channel, but also gave smaller

indications on the OD channel, showing incomplete separation. The hole

penetrating the wall gave signals on both channels as would be expected.

The cause for the lack of separation of the deep ID flaws is believed

to be due to the nonlinear relationship between flaw depth and eddy current

test coil impedance. The multiparameter tester in its present form operates

on a linear algebraic principle and does not compensate for the existing

nonlinearities.

The test coil consisted of two similar coils of 50 turns of 0. 005 in.

diameter copper wire. Each coil was about 2. 65 in. diameter and had an

axial length of 0. 14 in. The coils were separated axially by 0. 115 in. and

the flaws shown in Figure 7. 10 (not to scale) were separated from 1/2 to

to about 1-1/ 2 in. Two additional OD flaws, not shown in the sketch, were

0. 28 T and 0. 9 T deep (T designates the tube wall thickness). The 0. 28 T

flaw gave the OD channel signal marked "A". The 0. 09 OD flaw was not

detected at the level of instrument sensitivity used. Further refinements

are being made in the equipment to simplify adjustment and calibration.

2. Thermal Testing - D. R. Green and B. B. Brenden

Methods for measuring temperatures during magnetic force resistance

welding of graphite have been studied. Temperatures measured during the

welding should given an indication of the quality of the weld produced. The

approximate magnitude and duration of the temperature transients produced

during the welds were recorded in initial experiments as shown in Figure 7. 11.
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Differential Test Coil

A ssembly
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OD Channel Record A designating the

small signal
change.

ID Channel Record

FIGURE 7. 10

Separation of OD and ID Fabricated Flaws Using
Multiparameter Eddy Current Tube Tester
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FIGURE 7. 11

Temperatures Indicated by Silicon Cell
During Graphite Welding

A silicon photovoltaic cell was used as a radiometer in the tempera-

ture measurements. This cell has a time constant and spectral detectivity

suitable for detecting 60 cycle fluctuations in graphite temperatures in the

500 to 4000 C range. The cell was used without lenses at a distance of

3. 4 in. from the weld zone. No lenses were required since the weld area

was concentrated in a 0. 01 in. wide zone at the region of contact between

the two graphite pieces being welded. Radiation from cooler adjacent

regions outside the weld zone was insignificant.

The radiometer was calibrated to measure sample temperature by

using the image of a carbon arc and a 0. 01 in. slit. The arc image was

focused on the slit and the cell was plated at various distances from the

slit to obtain various known values of steradiance for the source. Source

temperatures required to give the same source steradiances for a constant

cell-to-source spacing of 3. 4 in. were calculated and the cell output

voltage calibrated to temperature. Calculations of the source temperatures

were based on spectral steradiance at 0. 8 p since the silicon cell response

only covers a 0. 6 p wide band of wavelengths centered on about 0. 8 p .

The immediate method developed for temperature measurements

during graphite welding is limited by geometry and emissivity effects.
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Improved methods that should minimize these effects are being developed

in an effort to obtain more accurate temperature measurements during

graphite welding.

3. Fundamental Ultrasonic Studies - C. E. Fitch

Ultrasonic attenuation studies with a variety of metal samples were

continued this quarter. The attenuation coefficients measured as a function

of frequency are needed to determine the shape and amplitude changes of

broad-frequency-band ultrasonic pulses. Also, as the result of attenuation,

ultrasonic waves refracted obliquely across a liquid-solid interface are

converted to inhomogeneous waves. By inhomogeneous, it is meant that

wave fronts have pressure distributions which vary exponentially. The

propagation behavior of these waves has not been fully explained and there

appears to be no satisfactory analytical model which describes wave propa-

gation in the presence of attenuation. Measurements of attenuation ceofficients,

therefore, are essential to determine wave propagation characterisitics.

Depending on the ultrasound frequency, attenuation coefficients are

believed to be proportional to the first, second, or fourth power of the

frequency. The second and fourth power dependences are related to the

grain sizes and orientations. It was, therefore, desirable to experimentally

examine metals having grain differences. Accordingly, three samples each

of 3003 aluminum, Zircaloy-2, and AISI 304L stainless steel having different

grain sizes were prepared. The three samples of each metal were initially

cold-worked and two of these were then given different heat treatments to

obtain different recrystallized grain sizes. However, only the aluminum

samples having the worked structure and the heat treated structure were

substantially different. Although the two heat treatments were different,

they produced about the same grain size. Figure 7. 12 shows photomicrographs

of the aluminum as-worked and heat treated samples. The Zircaloy-2 samples

had only minor changes in grain size and the stainless steel, practically no

detectable changes.

7. 17



7. 18 HW-83298

FIGURE 7. 12 1lOOX

Photomicrographs of As-Worked and Heat Treated
Aluminum Samples

Neg. 4Z4364, 4Z4367
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Longitudinal wave attenuation was measured as a function of ultra-

sonic frequency in all the prepared metals. The results were in agree-

ment with those shown by the photomicrographs; that is, there were

essentially no differences in attenuation except for the aluminum samples.

Representative attenuation coefficient curves and photomicrographs for

each metal are shown in Figure 7. 13. Both the as-worked and heat treated

aluminum sample curves are shown, but only one of each of the other heat

treated metal samples are represented.

Though the desired grain structures were not obtained, the attenua-

tion coefficient curves for the three different metals are substantially different

and exhibit a nonlinear dependence on frequency. These differences may be

sufficient for experimental studies to confirm pulse shape changes, etc. ,

which are predicted by analytical treatments of wave propagation currently

being conducted. However, metal samples having a distribution of grain

sizes are nevertheless needed to fully assess their ultrasonic significance.

During the above attenuation measurements on the aluminum samples,

an interesting effect was observed in the low frequency portion of the attenua-

tion curves. As can be seen in Figure 7. 14, near a frequency of about 3 Mc,

the attenuation increased to a value higher than at 5 Mc for the as-worked

sample and remained about constant from 3 Mc to 5 Mc in the heat treated

sample. The Zircaloy- 2 and stainless steel samples did not exhibit this

behavior. No explanation for the low frequency attenuation increase in the

aluminum is evident.
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Expanded Attenuation Coefficient Curves for
Aluminum Samples Shown in Figure 7.12

4. Fatigue and Residual Stress Detection - D. R. Green and C. E. Fitch

Recent studies of fatigue in metals have shown that fatigue mecha-

nisms are most active at the surface of a sample early in its fatigue life. ()

Thus, detection of fatigue induced changes in surface properties should

give an early indication of impending fatigue failure. Eddy current and

ultrasonic methods that are sensitive to changes in material properties

near the surface were applied to detect fatigue induced changes. Both

methods employ techniques recently developed at Hanford Laboratories.

Samples for evaluating the eddy current and ultrasonic fatigue

detection methods were produced by fatiguing 0. 2 by 0. 5 by 6. 0 in. bars

of AISI 304L stainless steel, A-212, and 4340 steel in four point bending.

The samples were fabricated from as-rolled stock and were given a 32

pin. finish by longitudinal grinding. Reciprocating loads were applied at

(1) J. R. Low, Jr. The Fracture of Metals, 63-RL-3198M, February, 1963.
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1800 cycles/min at points 2 in. from each end with stationary supports

placed at the ends of the bars. Maximum outer fiber stresses were near

45, 000 psi over the central 2 in. length of the bars and were constant for

any given bar during its entire fatigue run.

Heat generated by the bars due to the reciprocating load caused their

temperatures to increase sharply after about 90% of the cycles required for

failure. By stopping the fatigue run when the sharp temperature increase

was first noticed, samples with a high degree of fatigue, but which had not

actually failedwere produced. Plots of the bar temperatures versus the

number of load cycles are shown in Figures 7. 15, 7. 16, and 7. 17. Maxi-

mum outer fiber stresses applied during the fatigue runs are shown in

each figure. It is interesting to note that without exception, samples

reaching higher average temperatures during fatigue withstood fewer

cycles before failure. Thus, it appears possible to estimate the number of

cycles required to produce a given degree of fatigue by observing its tem-

perature during the fatigue run. True confirmations of this method would,

of course, require a larger number of samples than were used in the

present investigation.
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FIGURE 7. 15

Temperature Generated by Reciprocating Four Point Bending
of AISI 304-L Stainless Steel Samples
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All bars except those numbered six in each set were run to failure.

The fatigue runs on the number six bars were stopped as soon as the tem-

perature began its characteristic increase near sample failure.

An eddy current method was used to detect fatigue induced changes

in the surface metal in AISI 304L stainless steel samples numbered six.

The stabilized eddy current instrument, previously developed for Zircaloy- 2

hydride detection, was applied for this purpose using a 1/8 in. diameter

coil. Figure 7. 18 shows a record of the instrument output during a

longitudinal scan of the prepared 304L samples. Although the fatigue run

had been stopped prior to complete failure, two cracks had formed as

indicated by the sharp peaks. The ends of the bar, where the bending

moment was zero during the fatigue runs, gave about the same eddy

current instrument output as a nonfatigued control sample. The central

2 in. length of the bar, where the bending moment was uniform, gave a

uniform higher signal (neglecting peaks resulting from cracks) than was

obtained from the ends. An eddy current scan on the opposite surface

of the bar gave a similar trace, but the signal increase was only half as

great over the fatigued central 2 in. length. The reason for this difference

in signal increase is not presently known. Investigation of eddy current

methods for detecting fatigue is continuing.

Fatigue
Cracks

k2in 2 in.+ 2in.
FIGURE 7. 18

Longitudinal Eddy Current Scan of Type 304L Stainless Steel Sample No. 6
After Reciprocating Four Point Bending Over Central 2 in. Length
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In a rport,(1)
In a previous quarterly report, methods for detecting various

metal surface changes using ultrasonic critical angle techniques were dis-

cussed. When critical angles are exceeded for a liquid-metal interface,

a system of inhomogeneous waves is generated in the vicinity of the metal

surface. Near the Rayleigh critical angle a beam shift and amplitude

redistribution occur. From these effects, such conditions as surface

hydriding and stresses were detected. Because the waves are confined

mostly to a depth approximately equal the ultrasonic wavelength, and since

metal fatigue initiates near the surface, it was of interest to determine if

critical angle tests would be sensitive to fatigue.

Six metal samples, two each of AISI 304L and 4340 stainless steel

and A212B carbon steel, were tested with critical angle techniques prior

to subjecting them to fatigue. One sample of each metal was retained as

a standard and the others were fatigued to 80 to 90% of fatigue life. Com-

parisons with unfatigued samples showed beam shift signal changes as

much as a factor of ten at an ultrasonic frequency of 6. 5 Mc. Table 7. 2

shows the results of the tests. In this tabulation samples numbered one

were fatigued and those numbered two were unfatigued.

TABLE 7. 2

FATIGUE SAMPLE ULTRASONIC RESULTS

Ratio (Sample 1/Sample 2) Ratio (Sample 1/Sample 2) Total
of Signals Prior to of Signals After Change

Sample Sample 1 Fatigue - A Sample 1 Fatigue - B B/A

304 L 130420. 67 1. 54 2. 3

43402 0.25 2. 5 10. 0

A212B 1 1.0 6 5 6.5
A212B 2

(1) Quarterly Progress Report Research and Development Programs Executed
for the Division of Reactor Development, October, November, December,
1963, HW-80 284, pp. 7. 12 - 7. 15. April, 1964.
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Some fatigued samples had visible cracks which were easily detectable

when the critical angle test was used as a pulse-echo test. The pulse-echo

method was used to find positions on the fatigue samples which were free of

larger cracks. The signal changes given in Table 7. 2 were then measured

on portions of the fatigued specimens which had pulse-echo background

signals about equal to those on the unfatigued samples. From these prelim-

inary results, it appears that fatigue can be detected before the cracks initiate.

It was interesting to observe also that signal differences were detected

(Column 2 of Table 7. 2) in some of the supposedly identical samples prior

to their being fatigued. Though it was not determined whether there would

be any correlation with fatigue life, the possibility for precharacterization

of metals by critical angle tests is intriguing.

D. USAEC/AECL COOPERATIVE PROGRAM ON NONDESTRUCTIVE TESTING

OF FUEL SHEATH TUBING - M. F. Zeutschel

Thin wall sheath tubing used for manufacturing nuclear fuel elements

must be of the highest integrity possible to minimize the possibility of

failures in the reactor. Under the sponsorship of the USAEC/AECL Tech-

nical Advisory Committee, a program to develop nondestructive tests for

sheath tubing was initiated. The objectives of this program were to:

* develop equipment requirements and techniques for the reliable detection

of tubing defects with depths as small as 5% of the tubing wall, " develop

ultrasonic notch standards and calibration procedures, and " demonstrate

the effectiveness of the developed test on a variety of tubing. A method of

accurately and economically fabricating ultrasonic standards by a punch

technique was reported in a previous quarterly report.

A complete tube testing station was developed and tested on various

tubing geometries and materials to fulfill the objectives of this program.

The developed equipment, shown in Figure 7. 19, will be on display at the

Third International Conference on the Peaceful Uses of Atomic Energy at

Geneva, Switzerland. This specialized system was designed primarily for

testing tubular products; however, portions may be adaptable to other test-

ing problems. Special features of the system include the broadband high
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resolution electronics, broadband focused ultrasonic transducers, and the

small ultrasonic test tank. The ultrasonic transducer is comprised of a

15 Mc, 3/ 16 in. diameter, lithium sulphate, piezoelectric crystal fitted

with a 1/4 radius of curvature spherical lens and a dense damping member.

When the transducer is excited by a voltage spike, it produces an ultra-

sonic beam of short duration which is focused to 8 mils in diameter at the

focal point.

Inside the test tank the transducer is aligned such that shear waves

propagating at 450 with respect to the tube wall are generated in the tubing.

These shear waves are reflected at the tube boundaries and propagate in

zig-zag manner down the tube wall. When a defect is present, the shear

wave is reflected so that it retraces its zig-zag path, thus sending ultra-

sonic energy back to the transducer which then acts as a receiver. Axial

defects are detected by propagating shear waves around the circumference

of the tube and circumferential defects are detected by propagating shear

waves down the axis of the tube as shown in the pictorial diagrams above

the mechanical system.

The two transducers are connected to separate identical test chassis

mounted in the electronic instrument cabinet. Ultrasonic energy reflected

from defects (defect signals) are separated from other ultrasonic signals

within the chassis. These defect signals are then measured for amplitude

and a red light alarm circuit triggered if the defect amplitude is greater

than an adjustable level. The defect signals are also converted to a form

for analog recording. The recorder is shown on the instrument cabinet

in Figure 7. 19. Typical recordings are shown in Figures 7. 20 (a) and.(b).

Since the amplitude of defect signals is proportional to defect depth, both

the red light and recorder circuits are responsive to defect depth.

During testing, the tubing is rotated at 1800 rpm and passes through

the test tank where the inspection occurs. Accurate tube to transducer

alignment is maintained by ball bearing supports which rotate with the tube

causing little wear or tube vibration. The test tank translates through the

length of the tube at 11 in. /min providing 100% scanning coverage with the

8 mil diameter ultrasonic beam. Tubes are exchanged while the test tank

7. 28
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is positioned at the end limit and over mandrels. Each end mandrel grasps

the tube with an ID chuck which also prevents water entering the tube during

test. Small amounts of water leakage from the test tank are collected and

filtered before recirculating to the test tank.

This tubing tester has been used to inspect Zircaloy- 2, aluminum,

and stainless steel tubes ranging from 17. 5 to 50 mils in wall thickness.

Typical results obtained on 17. 5 mil wall Zircaloy- 2 tubing are shown in

Figure 7. 20. The tester response to standard notches of depth from 1/20

to 1/2 of the tube wall is shown in Figure 7. 20 (a). Signals from axial notches

were recorded in the positive direction and those from circumferential notches

in the negative direction. As shown, a 1 mil depth axial notch (1/20 tube

wall) was recorded at two divisions on the record. Although not shown,

circumferential notches of this depth were also detected at this magnitude

signal.

Figure 7. 20 (b) shows test results from a 19 in. length of tubing.

The distance from left to right in the record is proportional to tube length

while positive going indications represent axial flaw depth and negative

going indications show circumferential flaw depth. A surface and cross

sectional view of the flaw indicated in Figure 7. 20 (b) are shown in Figures

7. 20 (c), (d), (e), and (f). The greatest depth of the sectioned flaw was

2 mils which corresponds closely to the depth indicated in the signal record.

The AECL program was terminated July 1964, with all program

objectives fully accomplished.
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VIII. IRRADIATION EFFECTS ON MATERIALS

A. MECHANICAL AND PHYSICAL PROPERTIES OF IRRADIATED

MATERIALS

1. In-Reactor Measurements of Mechanical Properties(d) - J. J. Holmes,

D. H. Nyman, and J. A. Williams

Two in-reactor creep tests on 304 stainless steel are in progress at

temperature of 500 C (932 F) and stresses of 20, 000 and 30, 000 psi. The

test at 20, 000 psi is showing a creep rate below the minimum resolvable

rate of 2. 5 x 10~ 7 /hr. Out-of-reactor data at this temperature and stress

is not yet available due to premature failure.

The in-reactor test at 30, 000 psi stress and 500 C (932 F) showed

a lower creep rate than the out-of-reactor test but a valid comparison can

not be made until another out-of-reactor test is started which will give the

same temperature pulse as that observed in-reactor.

Up to termination due to heater failure after 600 hr, an in-reactor

test at 30, 000 psi and 550 C (932 F) showed no significant difference when

compared to the out-of-reactor one.

2. Irradiation Facilities Operation(d) - J. E. Irvin

With the conclusion of ETR Cycles 62 and 63, over 85 tensile speci-

mens were discharged from the ETR. The majority of the specimens were

nickel-base alloys irradiated in both the G-7 Hot Water Loop and the G-6

position. Several unirradiated control specimens were also discharged

from the out-of-reactor loop.

During the latter part of ETR Cycle 62, the G-7 Hot Water Loop

operated at temperatures between 232 C and 260 C due to a faulty flow

control valve. The valve was replaced during the scheduled shutdown period

and normal operation resumed in the following cycle.
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3. Irradiation Damage to Zircaloy -2(d) - J, E. Irvin

Several specimens were fabricated from each of three different

N-Reactor Zircaloy-2 tubes for texture studies. A spiral-scanning tech-

nique with a pole figure gioniometer was used to determine the pole figures

for each tube. The texture of the tubes was similar, but variations due to

differences in fabrication processes were observed. Generally, the texture

of these tubes is one in which the (0002) basal planes are aligned parallel

to the tube axis. There is a definite preference for alignment of the (1010)

and the (1120) prism planes perpendicular to the tube axis. The (1011)

pyramid planes are approximately equally distributed with the <1011> direc-

tion being inclined at an angle of about 30 degrees with the tube axis.

4. Damage Mechanisms(d) - F. A. Smidt

Equations were developed during the past quarter which show the

equivalence of the description of dislocation motion in terms of Johnston

and Gilman's dislocation velocity theory and the theory of thermally activated

flow. As a consequence of these developments, it is shown that the activation

volume is given by nkT /T* where n is the exponent in the dislocation velocity

equations, and T* is the effective stress; and the activation energy is given

by nkT in ( x ), where Tma is the maximum effective stress at 0 0 K.

Stress relaxation tests were conducted and the results analyzed in

terms of the equations developed. These data were used to determine and

are shown to be the parameter, n, and the effective stress, T *.

An analysis of the temperature dependence of T* was found to be

represented by an equation of the form T* = AT2 - BT + Tmax. The values

determined for T max agree with calculations of the Peierls stress for iron

by Conrad and Dorn.

5. ATR Gas Loop Corrosion Studies (d) - R. E. Westerman

Oxidation rates have been determined for Haynes Alloy 25 in 100 torr

oxygen pressure at 2050 F (1120 C). Rates were less by a factor of 13 than

at 2192F (1200 C) In a vacuum of 10 torr, evaporation rates for Haynes
Alloy 25 at 2050 F were one-third those at 2192 F (1200 C).

8. 2



HW-83298

Additional sensitivity in the chromatographic analysis of impurities

in helium gas has been achieved by optimizing column length and substitu-

tion of Linde 13X molecular sieve for the 5A grade. Calibration gas mix-

tures have been prepared in the new gas mixing facility. Extrapolation of

peak heights obtained from three standard mixtures down to a value twice

the instrument noise level indicates detection limits for all gases (H2 , 02'

N2, CH4, CO, CO2 ) of less than 1 ppm.

Oxidation studies have been conducted of molybdenum and molyb-

denum alloy TZM in 1000 C (1832 F) oxygen at 5 x 10-3 and 5 x 10-4 mm

pressure. Weight change data for the oxidized specimens have been

supplemented by direct measurement of metal loss based on an oxide

stripping procedure. Oxidation rates are markedly reduced at the lower

oxygen pressures, where formation of the volatile MoO3 from MoO2 is

slower.

B. IRRADIATION EFFECTS ON FISSIONABLE MATERIALS(d)

1. Swelling of Irradiated Fissionable Materials - R. D. Leggett,

B. Mastel, Y. E. Smith, and J. W. Weber

Two irradiation capsules, one containing high-purity uranium

specimens operating in the beta phase region (700 C or 1292 F) and the

other containing enriched uranium specimens operating at 400 C (752 F) ,

were discharged.

The high pressure prototype irradiation swelling capsule has

successfully completed all out-of-reactor testing and a modified in-

reactor capsule was built.

Examination was completed of specimens with various alloying

additions. The operating temperature of the specimens was'575 C

(1067 F) and the exposure was 0. 11 at. % burnup. The U + Fe - Al alloy

specimens showed superior behavior to the U + Fe - Si alloy specimens

which in turn showed superior behavior to the high-purity dingot uranium

specimens. A gamma anneal prior to the beta quench improved the

behavior of both alloys. Improvements in swelling behavior are related

to the decreases of microtearing developed at twin-matrix interfaces.
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A quantitative metallography technique was applied to a U + Fe - Si

alloy subjected to various solution and precipitation heat treatments. Alpha

range solution heat prior to the precipitation treatment was inadequate

while the beta solution treatment was effective in improving the as-received

density of finely divided particles.
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IX. MATERIALS DEVELOPMENT, CORROSION,

AND HEAT TRANSFER STUDIES

A. ZIRCONIUM ALLOY STUDIES(d) - W. A. Burns

Additional data have been gathered on Zircaloy- 2 corrosion con-

firming accelerated rates with normal fractional pickup of corrosion product

hydrogen in the ETR G-7 540 F (280 C) water loop. A two cycle experiment

in the G-7 loop is scheduled in which the effects of hydrogen addition to the

loop water on zirconium alloy corrosion will be determined.

B. STAINLESS STEEL, NICKEL-BASE, AND ALUMINUM ALLOY

STUDIES (d)

1. Alloy Selection - T. T. Claudson

Corrosion and oxidation tests have been performed on nickel-base

alloys in water vapor and deoxygenated steam and at temperatures from

1200 F (649 C) to 1900 F (1038 C). Hastelloy R-235, Inconel 70 2, and

Hastelloy N exhibited substantial weight losses in 1200 F (649 C) steam after

1680 hr. All other alloys showed weight gains, and in this group, those

showing superior corrosion resistance were Hastelloy X-280, Inconel 600,

Incoloy 800, and Inconel 718. Hastelloy N exhibited best overall perform-

ance when exposed to the water vapor environment tests. Severe inter-

granular penetration at each temperature was found in Incoloy 800, Inconel

702, and Hastelloy R- 23.

Evaluation of the effects of irradiation on the mechanical properties

of a variety of nickel-base alloys is continuing.

2. Irradiation Damage to Stainless Steels - J. E. Irvin

Irradiation damage to AISI 304 and 348 stainless steel was found to

be greatest for elevated temperature irradiations. Although the increase

in strength and decrease in ductility is initially greater when irradiated

at 50 C, a crossover occurs at relatively low exposures. Thereafter,

irradiations at 290 C result in greater damage accumulation. This reversal
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is due to the transformation of metastable austenite to a more stable con-

figuration and the formation of a more complex defect configuration at the

elevated temperature.

AISI 348 stainless steel specimens in the annealed and 25% cold

worked condition were irradiated at temperatures between 700 C and 775 C.

Roona temperature tests show that the 25% cold worked material was fully

annealed during irradiation. Yield strength for both the annealed and cold

worked material was less after irradiation than that of the annealed material

in the unirradiated condition. A 15% decrease in total elongation was noted

for both material conditions compared to the unirradiated annealed material.

3. Irradiation Damage to Nickel-Base Alloys - I. S. Levy and K. R. Wheeler

To test the hypothesis presented last quarter, that high temperature

irradiation of Hastelloy X- 280 in the solution-treated condition causes car-

bides to precipitate at irradiation damage sites within the matrix, speci-

mens were solution-treated, cold-worked 26%, and then aged. Room tem-

perature tensile tests showed increased strength and reduced ductility

relative to controls. Micrographs show that heavy precipitation occurred

along the strain lines of the cold-worked specimens and that grain boundary

carbide precipitation was reduced.

Room tensile tests onInconel X-750 in three heat treatments were

made. Two double-age treatments differing in environment, cooling rate,

and solution treatments showed significantly different properties, particularly

in ductility. Micrographs indicate that both grain size and grain boundary

carbide distribution differ in the two treatments.

C. PRTR MATERIALS DEVELOPMENT AND ENGINEERINGf

1. PRTR Pressure Tubes - P. J. Pankaskie. and M. C. Fraser

During this quarter, 32 inspections were made in 29 process channels.

New inspection probes were installed and employed in the inspections of the

last 15 process channels.

PRTR Zircaloy- 2 pressure tube testing has involved two room tem-

perature burst tests of irradiated specimens, two room temperature crack
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propagation tests of unirradiated specimens, and an eddy current examina-

tion of a flaw in an irradiated tube. Postburst test examination is not

complete. Burst strengths were 7, 650 kg/cm2 (108, 600 psi) and 8, 700 kg/
cm2 (124, 000 psi) for an annealed and a cold-worked specimen, respectively.

Cold-worked and annealed unirradiated specimens had identical Lame hoop

stress at crack propagation which, macroscopically, appeared brittle in

both cases. Each specimen had a 9. 65 mm (0. 38 in.) long crack. The flaw

location in one irradiated tube and the probable upper limit of its size was

determined with the eddy current equipment.

2. PRTR Materials Development - H. P Maffei, D. W. Shannon,

W. C. Craven, and R. L. Dillon

The thickness of oxide film on a discharged PRTR process tube has

been determined metallographically for both irradiated portions and the

unirradiated downstream end. Rates of film growth in-core appear to be

about a factor of 5 greater than for the out-of-core sample. Corrosion of

the tube interior exposed to hot D20 and the tube exterior in a moist helium

environment is similar. Hydrogen analysis qualitatively indicates higher

pickup for the irradiated portions of the tube.

Evidence pointing to the mechanical nature of film breakdown on

corroding zirconium alloys has been obtained from two experiments. In

one test thermal cycling was shown to precipitate rate transition at much

lower weight gains than for a duplicate uncycled sample.. In the second

experiment, premature breakaway was induced by mechanically flexing a

sample over a cylindrical mandrel, then bending it back to shape. Sub-

sequent weight gains of flexed samples were not affected unless a critical

thickness of film was present.

A review of the more important corrosion and hydriding character-

istics of zirconium alloys interpreted in terms of the observed oxide prop-

erties has indicated that as the oxide thickness increases with time, associated

progressive changes in oxide composition gradient occur which regulate

transport processes through the oxide.

9. 3
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X. PHYSICS)

A. MEASUREMENT OF THE ABSORPTION AND FISSION SENSITIVITIES

IN THE D2 0 MODERATED PLUTONIUM RECYCLE CRITICAL

FACILITY - B. Arcipiani* and L. C. Schmid

1. Introduction

The sensitivities of the Plutonium Recycle Critical Facility (PRCF)

to absorption, Sa, and to fission, S, were measured in two test cells occupy-

ing the center position of the reactor. In one case the test cell was made up

of an aluminum guide tube and an aluminum thimble containing aPu-Al 19-rod

cluster with no moderator (Spectrum I); in the other case the test cell was

made up of an aluminum guide tube and an aluminum thimble containing a

single Pu-Al center rod in light water (Spectrum II). 1) The PRCF core load-

ings and the fuel compositions were the same as reported in Reference (1).

2. Measurements

The fuel loading consisted of 19-rod clusters of natural UO2 and

Pu-Al fuel elements moderated by D20. A fuel rod in the center of the test

cell in both spectra was split into two Pu-Alfuel segments and placed inside

a 0. 065 in. thick Zircaloy tube.

Three samples containing various concentrations of plutonium were

placed at different times between the two fuel segments of the center rod

(Figure 10. 1). Each sample consisted of a 0. 500 in. diameter PuAl cylinder,

4. 0 in. long, clad with 0. 030 in. thick Zircaloy- 2, andhaving 0. 310 in. thick
(2)Zircaloy-2 end caps.

The composition of the three capsules is reported in Table 10. 1. Col-

umns seven and eight of Table 10. 1 give for each sample, respectively, the

2200 m/sec total absorption cross section A and total "production" cross

* On leave from EURATOM, CCR, Ispra, Italy.

(1) B. Arcipiani and L. C. Schmid. "Neutron Spectrum Measurements in
the Plutonium Recycle Critical Facility, " Physics Research Quarterly
Report - July, August, September, 1963, HW-79054. November 15, 1963.

(2) M. D. Freshley and L. C. Schmid. The Reactivity of High-Exposure
Plutonium, HW-69169. April 1961.
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TABLE 10. 1

DATA OF SAMPLES USED FOR SENSITIVITY MEASUREMENTS

Zircaloy Cladding
Weight, g

39. 104

38. 128

38. 009

35. 005

Al Weight,

g

34. 630

34. 439

35. 127

34. 650

Pu Weight

g %

1. 134 3. 17

1.759 4.86

0.434 1.22

Pu239 Weight_

g%

0.9118 80.41

1.4144 80.41

0.3489 80.41

Pu240 Weight

g %

0. 1852 16. 33

0.2872 16.33

0.0709 16.33

Pu241 Weight

g _%

0.0316 2.79

0.0491 2.79

0.0121 2.79

C

Pu242 Weight

g %

0.0054 0.47

0.0083 0.47

0.0020 0.47

(0

Sample

275

278

279

Al

Core
Weight,

35. 764

36. 198

35. 561

34. 650

A
2

cm
(t 1.2%)

2.8309

4. 2656

1.2231

0. 2195

F
2

cm
(f 1. 7%)

5. 2208

8. 0989

1.9980

Sample

275

278

279
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section F =Zvi-"E - V, where V is the volume of the sample, E is the

i

macroscopic fission cross section, u is the number of neutrons produced

per fission, for each component material of the samples. The values of A

and F, and their relative errors, were calculated using the 2200 m/sec

microscopic absorption and fission cross sections, the u values, and their

errors, given in Reference (1) for zirconium, aluminum, and the four pluto-

nium isotopes.

The reactivity of the samples was obtained from period measurements

made with and without polyethylene strips impregnated with boron carbide

(B4C) attached to their surfaces. The polyethylene was 0. 005 in. thick and

contained 4 wt% B4 C (3. 13 wt% boron). The strips were 10 cm in length and

1 cm wide, and contained approximately 4 mg of boron each. Measurements

performed in the PCTR with respect to copper(2) showed that the strips have

a 2200 m/sec absorption cross section of 1. 257 1. 2% cm2/g. This is

approximately the same neutron absorption characteristics as a 0. 020 in.

thick copper foil. Reactivity measurements of each sample were made in the

PRCF with two strips (~0. 008 g of boron) and with four strips (~0. 016 g of

boron) attached to the sample surface with adhesive tape. They were attached

parallel to the axis and in symmetrical positions without overlapping. A

sample without any strips was measured at the beginning and at the end of

each series of runs. A series of measurements was also made without any

strips on the samples. An aluminum blank was measured at the beginning and

at the end of this series. The latter measurements were used to correct long

term reactor drift and allowed reactivities of the samples to be deduced

relative to a sample identical to the others except for the plutonium.

1. D. J. Hughes and R. B. Schwartz. Neutron Cross Sections, BNL-325,
2nd edition, July 1, 1958. Brookhaven National Laboratory.

2. V. I. Neeley. "Measurement of km for 2% Enriched UF4 and Paraffin
Mixture, " Nuclear Physics Research Quarterly Report - January, February,
March. 1959. HW-60220. April 20, 1959.
Also: V. I. Neeley. A Comparison of PCTR and Critical Experiment Deter-
minations of k. for Two Weight Percent Uranium-235 Enriched UF4 in
Paraffin, HW-62031. September 22, 1959.
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3. Interpretation of the Measurements

The excess reactivity of the same sample, measured at the beginning

and at the end of a series of runs, differed by more than the experimental

error of each measurement. This lack of reproducibility occurs because of

temperature changes and the presence of neutrons produced by the (y-n)

reaction in the heavy water of the moderator from previous measurements.

In order to better understand this reactor drift, a series of reactivity mea-

surements was performed on the sample over a time interval of about 8 hr.

These measurements showed that the reactivity became smaller as a function

of time and that it varied linearly over the time for a series of measurements

on one sample.

Thus the data were analyzed assuming for each sequence of runs that

the measured reactivities p are linear functions of the time t with a slope

Pf-p 0 /tf determined by the reactivities of the bare sample measured at the

beginning, (p0  o; t = 0), and at the end, (pf Q af; t = tf), of the sequence.

With the slope the measured reactivities were reduced to the time t = tR at

which a sample with four strips of poison was measured (p = p3 Q 3 ). Thus,

at tR a bare sample would have a reactivity

t R

p o+ 'r - 0) tf (1)

with an error U = 2( 1 - t f t) (2)
o ff

The sample with two poison strips would have reactivity

pt ai at t = t. and would be measured at tR as

tR -t.

p2 = j + (Pf - po) Rt j (3)

2
2 2t R - t

with an error Q2=f j + (a9o+0f - t(4
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Values of the excess reactivities and their errors, reduced to time

tR, are reported in Table 10.2. The errors of the measured reactivities

(% .of, a., and a3 ) are the standard deviations of the mean of at least three

measurements. The values a2 and a3 represent the 2200 m/sec absorption

cross sections of the strips attached to the sample.

If the assumption is made that the reactivities P 1 , p2 , and p 3 , for

each sample are linear combinations of the 2200 m/sec total absorption

and production cross sections of the sample and of the sensitivities Sa and

S in each spectrum, a set of equations can be written for each sequence of

runs in a single spectrum. These equations are

pl = -A.S1a + F.S

p2 = -(A + a2)Sa + F.Sf

p 3 -(A + a3)Sa + F.Sf

(.5)

(6)

(7)

where the Sa and Sf account for the characteristics of the spectrum where

the measurements are made.

1. B. Arcipiani and L. C. Schmid. "Diffusion Theory and Perturbation
Calculations for Reactivity Measurements in the PRCF, " Physics
Research Quarterly Report, April, May, June, 1963, HW-77871,
pp. 37-45. July 15, 1963.
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TABLE 10. 2

VALUES OF EXCESS REACTIVITY FOR THE SAMPLES

Spectrum I Spectrum II

Excess
Reactivity
at tR, k

837.8 + 1.2

802. 2 1.0

782.2 + 1.5

a
2

cm
t 1. 2%

0. 330

0.670

0. 340

0. 691

0.301

0. 600

a
2

cm
f 1. 2%

0. 330

0. 660

0. 321

0. 642

0. 328

0. 630

t 2. 0

t 4. 1

1.2

+ 1.0

f 3. 5

2. 6

Excess
Reactivity
at tR, pk

920.0k 1.1

898. 5 + 2.3

885. 5 + 0.8

993.7 0.6

964. 9 t 2.5

950. 5 2. 5

851.5 1.3

818.4+ 1.5

790.6 0.3

746. 5 2.6

Sample

275

278

279

858. 1

813.3

808. 2

782. 7

755.2

723. 6

1

2

3

1

2

3

1

2

3

10. 7
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4. Determination of the Absorption Sensitivity, Sa

Solving for Sa in the three sets of linear equations obtained by coupling

Equations (5) and (6), (5) and (7), and (6) and (7), and taking the average, one

obtains

S=1 p (p2+iP + .23 (8)
a 3 a 2  a3 a3 - a2

The absorption sensitivity in the presence of plutonium in Spectrum I or

Spectrum II is obtained from Equation (8) and the values in Table 10.2. The

results are listed in Table 10.3 and are for an absorbing material in the

presence of each sample.

TABLE 10.3

ABSORPTION SENSITIVITY IN PRESENCE OF PLUTONIUM

Sa' pk/cm
2

Plutonium
Sample Spectrum I Spectrum II

275 83 3 52+2

278 73 3 67 4

279 99+4 97t3

The errors quoted in Table 10.3 are values of the standard deviation o(S )

which is given by

212 2[2
2(Sa) 2a 01 + 03

a3

since a2  ~ = a. The uncertainty, in the absorption cross section of the 2

poison strips, = 0. 012 would add a further uncertainty of (Sa a ) to

a (Sa). The latter uncertainty has not been included in the results since it is

not an uncertainty introduced by the sensitivity measurement.

10. 8
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5. Determination of the Fission Sensitivity, Sf

Solving for S in the three sets of linear equations obtained by coupling

Equations (5) and (6), (5) and (7), and (6) and (7), and taking the average, one

obtains:

Sf- P(2+aA + + P2 a 3a3-a 2 + a 3 -a 2  A2

3 a3 2-a 2 +a 3  a + a(9)

The fission sensitivity for plutonium in Spectrum I or Spectrum II is obtained

using Equation (9) and the values reported in Tables 10. 1 and 10.2. The results are

listed in Table 10.4 for reactivities pi and absorption cross section A relative

to that of the aluminum sample. Thus, the sensitivity is for adding the pluto-

nium to the aluminum in each sample. The errors quoted in Table 10.4 are

values of the standard deviation 0(Sf).

TABLE 10. 4

FISSION SENSITIVITY FOR PLUTONIUM

S,_k/cm2

Plutonium
Sample Spectrum I Spectrum II

275 58t2 54+2

278 49 3 60 3

279 68+3 87 4

Considering again that a2 2= a, the standard deviation 0(Sf) of S fis

given by

02(4 2 2+3 2 2 + 4 02+ 3A+ 2 032 + 9 Al2
( ){(t t1 2 2a

+ 4 ( 2 + 3A)(tR )i[( 2 + G 0)21 ao 02]
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The uncertainty due to errors on A + a and F have not been included in the

results. This uncertainty is

( 0) 
2 S 22 2 2 2 '

(A + a+ OF2) 2 a (2 + 2 + f 2

AA Aa __F

where A, a Fnd F-represent the relative errors on A, a and F,

respectively.

A figure of merit for the difference between Spectrum I and Spectrum II

is the ratio of the sensitivity to fission to that of absorption in each spectrum.

These ratios are listed in Table 10. 5 for each of the samples.

TABLE 10. 5

FIGURE OF MERIT Sf/Sa FOR

SPECTRUM I AND SPECTRUM II

S IS
Plutonium f a Ratio

Sample Spectrum I Spectrum II Spectrum II/Spectrum I

275 0.70 + 0.04 1.03 0.06 1.47 f 0.13

278 0.67 0.03 0.89t 0.07 1.34 +f0.10

279 0.69 f 0.04 0.90 f 0.05 1.31 f0.07

As shown in Column 4 of Table 10.5 the ratio in Spectrum II is 1. 33 f 0. 05 as

great as that in Spectrum I. The value 1. 33 is nearer the value 1. 58 which

is calculated l) for the case when the cluster in Spectrum I is surrounded by

D20 or H20 than the value calculated when a void is present. This is not

surprising since the validity of the calculation is uncertain when voids are

introduced.

1. B. Arcipiani and L. C. Schmid. "Diffusion Theory and Perturbation
Calculations for Reactivity Measurements in the PRCF, " Physics
Research Quarterly Report, April, May, June, 1963, HW -77871,
pp. 37-45. July 15, 1963.
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B. AN ANALYSIS OF URANIUM FUELED-LIGHT WATER MODERATED

CRITICAL EXPERIMENTS - R. C. Liikala, J. R. Worden, and

W. A. Reardon

1. Introduction

A detailed analysis of five uranyl nitrate critical solution experi-

ments l) and six 2. 70 wt% enriched uranium dioxide critical experiments(2' 3)

has been made. The critical solution experiments were analyzed to deter-

mine the reliability of the uranium cross section data(4, 5) utilized, thereby
eliminating one of the potential uncertainties in the analysis of the hetero-

geneous experiments.

The description of the methods utilized in these analyses together

with the results are described below.

2. Homogeneous Criticals

To minimize the areas of uncertainty in the calculations, only large-

clean-unreflected-spherical critical experiments were chosen. The systems

being bare eliminates the core-reflector spectral effects present in reflected

systems. By virtue of their large size the buckling used in the spectral

averaging of the cross sections represents a small perturbation in the multi-

plication. Finally the systems being bare and spherical simplifies the calcula-

tions such that a one dimensional diffusion calculation proves adequate.

1. R. Gwin and D. W. Magnuson. Critical Experiments for Reactor Physics
Studies, CF-60-4-12. Oak Ridge National Laboratory.
September 16, 1960.

2. P. W. Davison, S. S. Berg, W. H, Bergmann, D. F. Hanlen,
B. Jennings, R. D. Lesmer, and J. E. Howard. Yankee Critical Experi-
ments -Measurements on Lattices of Stainless Steel Clad Slightly Enriched
Uranium Dioxide Fuel Rods in Light Water, YAEC-94. Westinghouse
Electric Corporation. April 1, 1959.

3. V. E. Grob, P. W. Davison, D. F. Hanlen, R. D. Leader, F. L. Kelly,
and J. D. Cleary. Multi-Region Reactor Lattice Studies, Results of
Critical Experiments in Loose Lattices of U0 2 Rods in H2 O, WCAP-1412.
Westinghouse Electric Corporation. March 30, 1960.

4. R. C, Liikala. Updated R. B. U. Basic Library, HW-75716 VOL1,
VOL2, and VOL3. May 20, 1963.

5. R. C. Liikala. Data and Methods Employed in Updating the R. B. U.
Basic Library, HW-75715. December 20, 1963.
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a.. Method of Analysis

The multiplication constant is the quantity which has been correlated.

A four energy group model, as shown in Table 10.6, was used in HFN( 1 ) to

TABLE 10.6

GROUP BOUNDARY ENERGIES

Group Lower Energy, ev Upper Energy, ev

1 1. 17 x 104 107

2 2.38 1. 17 x 104

3 0.683 2.38

4 0.0 0.683

calculate the multiplications. The cross sections for groups one through

three were obtained from the slowing down model GAM-I. (2) The cross

sections (absorption, fission, and u) for the uranium isotopes on the GAM-I

library were updated from the RBU Basic Library. (3, 4) The cell averaged

thermal group constants Ea and Uof were derived from SPECTRUM(S) using

the Nelkin kernel. The thermal diffusion coefficients were calculated using

TEMPEST(6) with the Wigner-Wilkins model. Since the SPECTRUM code

assumes an infinite medium, the perturbations due to leakage in the thermal-

ization calculation were inferred from the TEMPEST calculations. The

calculated multiplications and perturbation coefficients are listed in Table 10.7.

1. J. R. Lilley. Computer Code HFN-Multigroup, Multiregion Neutron
Diffusion Theory in One Space Dimension, HW-71545. November 17, 1961.

2. G. D. Joanou and J. S. Dudek. GAM-I: A Consistent P1 iMultigroup
Code for the Calculation of Fast Neutron Spectra and Multigroup
Constants, GA-1850. General Atomic Division. June 1961.

3. R. C. Liikala. Updated R. B. U. Basic Library, HW-75716 VOL1,
VOL2, and VOL3. May 20, 1963.

4. R. C. Liikala. Data and Methods Employed in Updating the R. B. U.
Basic Library, HW-75715. December 20, 1963.

5. J. E. Schlosser. Spectrum V-Infinite Medium Thermal Flux Spectrum
Program, HW-71953. December 5, 1961.

6. R. H. Shudde. NAA Program Description "TEMPEST-A Neutron Thermal-
ization Code, " North American Aviation Corporation. September 1960.

10. 12



HW-83298

b. Discussion of Results

Columns 4 and 5 of Table 10. 7 show the calculated multiplications when

the leakage is neglected and when it is included in the slowing down calcula-

tion. The experiments S1 throu S4 show a strong leakage dependence

whereas S10 does not (since the system is so large). The effects of the leak-

age in the thermalization calculations as shown in columns 6 and 7 are negli-

gible. Thus for spherical systems such as these the effects of neglecting the

buckling in the slowing down model can be serious whereas they are nearly

negligible in the thermalization model.
TABLE 10 

CALC ULATED MULTIPLICATIONS AND PERTURBATION COEFFICIENTS

FOR THE URANIUM SOLUTION CRITICAL EXPERIMENTS

keff, GAM-I
SPECTRUM

Experiment H/U, Total Boron, % Change in D 4(b) % Change in ~f4 (b)
Number Atom mg/g 0 Buckling(a) B Using Buckling Using Buckling

Sl 1378 0.0 0.9949 0.9999 +0.083 -0.229

S2 1177 0.0905 0.9908 0.9999 +0.084 -0.370

S3 1033 0.18 0.9853 0.9969 +0.004 -0.232

S4 972 0.22 0.9858 0.9982 +0.042 -0.232

Slo 1835 0.0 0.9990 1.0020 +0.004 -0.277

Geometry: S1 through S4; 27. 24 in. diameter sphere, 173. 6 liter volume

with 0. 126 in. Al wall.

S10; 48.04 in. diameter sphere, 949. 1 liter volume

with 0. 303 in. Al wall.

(a) Buckling refers to GAM-I calculation using the B-1 approximation

and the B2 as the leakage.

(b) TEMPEST using the Wigner-Wilkins Model where + and - refer to effect

on keff when going from 0 Buckling to B 2 (i. e. , - means f smaller).

Conclusions

Since by definition* the average cross section is leakage dependent,

the k listed in column 5 of Table 10. 7 represent the "best calculation. "

fo (E )p(E)dE
- G Ja, where cp(E) is a function of the leakage.
a - fp(E)dE

10. 13
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The largest deviation between the calculated and experimental keff's is

0. 31%. Thus it is concluded that the thermal cross sections for the uranium

isotopes are adequate.

3. Heterogeneous Criticals

As an aid to the design studies for fueling the Experimental Boiling

Water Reactor (EBWR)(1' 2) with mixed plutonium and uranium oxides, an

analysis of the Yankee Criticals(3 '4) was performed to ascertain the reli-

ability of the data and methods employed.

a. Methods of Analysis

The four group, two region (core and reflector) homogeneous model

in HFN(5) was employed, the group boundary energies being the same as

described previously. The constants for groups 1 through 3 were obtained

from GAM-I* using the internal spatial self shielding model supplied with

the code. The thermal space-energy cell homogenization calculation was

1. W. A. Reardon and R. C. Liikala. Unpublished Data. "Proposed EBWR
Experimental Program, " December 20, 1963.

2. R. C. Liikala, J. R. Worden, and W. A. Reardon. Unpublished Data.
"An Analysis of Mixed Oxide-Light Water Criticals. "

3. P. W. Davison, S. S. Berg, W. H. Bergmann, D. F. Hanlen,
B. Jennings, R. D. Lesmer, and J. E. Howard. Yankee Critical
Experiments -Measurements on Lattices of Stainless Steel Clad Slightly
Enriched Uranium Dioxide Fuel Rods in Light Water, YAEC-94.
Westinghouse Electric Corporation. April 1, 1959.

4. V. E. Grob, P. W. Davison, D. F. Hanlen, R. D. Leader, F. L. Kelly,
and J. D. Cleary. Multi-Region Reactor Lattice Studies Results of
Critical Experiments in Loose Lattices of UO2 Rods in H 2 0, WCAP-1412.
Westinghouse Electric Corporation. March 30, 1960.

5. J. R. Lilley. Computer Code HFN-Multigroup, Multiregion Neutron
Diffusion Theory in One Space Dimension, HW-71545.
November 17, 1961.

* Using they in the B-1 approximation where B2 = experimental
buckling.
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performed using THERMOS. Honeck has shown recently(2) the reliability

of this model as well as comparisons with other cell homogenization pre-

scriptions utilized for uranium-light water systems. The cell averaged

diffusion coefficient was calculated using TEMPEST (3) (Wigner-Wilkins

model) and weighted by the moderator to cell disadvantage factor

(i. e., pmod/cell). The reflector cross sections were taken from the

"loosest" lattice cell (i.e. , W/u = 10. 38) calculations. The calculated

multiplications and critical numbers of rods are listed in Table 10. 8.

TABLE 10. 8

CALCULATED MULTIPLICATIONS AND CRITICAL NUMBER OF RODS

FOR THE YANKEE CRITICALS

Lattice Critical Radius, % Error in
Spacing, W/U, cm keff) # Rods, # Rods, Critical

in. Volume Expt'l Calc a Calc Expt'l Calc Mass

0.405 2.19 32.02 34.35 0.987 3043 3504 15.1

0.435 2.93 26.82 27.93 0.990 1851 2007 8.43

0.470 3.87 24.27 25.07 0.992 1301 1380 6.07

0.573 7.03 23.60 24.48 0.990 826 890 7.75

0.615 8.51 24.77 25.91 0.989 790 866 9.62

0.665 10.38 27.17 28.88 0.987 813 920 13.2

(a) Searched in HFN

b. Discussion of Results

The calculated multiplications are all approximately 1% lower than

the experiment. The keff's being relatively flat as a function of H/Pu ratio

1. H. C. Honeck. "The Distribution of Thermal Neutrons in Space and
Energy in Reactor Lattices. Part 1: Theory, " Nuc. Sci. and Eng.,
vol. 8, pp. 193-202. 1960.

2. H. C. Honeck. "The Calculation of the Thermal Utilization and
Disadvantage Factor in Uranium /Water Lattices, " Nuc. Sci. and Eng. ,
vol. 18, pp. 49-68. 1964.

3. R. H. Shudde. NAA Program Description "TEMPEST-A Neutron
Thermalization Code, " North American Aviation Corporation.
September 1960.
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leads to suspecting either f or the fast effect E rather than the resonance

escape probability p. If this discrepancy results from fif, then either the

thermal cross sections or the spectral averaging of these cross sections

are the cause. The analysis of the solution experiments shows the cross

sections yielding excellent results, and Honeck(1) has demonstrated the

reliability of THERMOS for uranium-light water systems. The spatial

weighting of the fast cross sections is neglected in the calculational method

but this neglected effect should tend to increase keff rather than decrease it.

Thus it seems reasonable to assume that neither f nor e are causing the 1%

discrepancy in the calculated keff's. A comparison between the GAM-I cal-

culated effective resonance integrals (Ieff) and Hellstrand's recipe for

UO2 was made. A bell correction( 3 was also made to the surface to mass

ratio in Hellstrand's formula to account for the effects due to changes in

lattice spacings. The results are shown in Table 10.9. If the assumption is

made that the calculated effective resonance integrals using the Hellstrand-

Bell recipe are correct, then it appears that the GAM-I calculation of the

effective resonance integral is in error. However, more theory-experiment

effective resonance integral correlations will be made to firm up this area

of the calculational model.

1. H. C. Honeck. "The Calculation of the Thermal Utilization and
Disadvantage Factor in Uranium /Water Lattices, " Nuc. Sci. and Eng. ,
vol. 18, pp. 49-68. 1964.

2. E. Hellstrand and G. Lundgren. "The Resonance Integral for Uranium
Metal and Oxide, " Nuc. Sci. and Eng., vol. 12, pp. 435-436. 1962.

3. G. I. Bell. "A Simple Treatment for Effective Resonance Absorption
Cross Sections in Dense Lattices, " Nuc. Sci. and Eng., vol. 5,
pp. 138-139. 1959.
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TABLE 10. 9

COMPARISON OF CALCULATED EFFECTIVE

RESONANCE INTEGRALS

eff GAM-I

24.51

25.38

26. 13

27.44

27.77

28.07

I -Hellstrand

23.23

23.23

23.23

23.23

23.23

23.23

Ieff-Hellstrand with Bell

18. 24

19. 13

19.87

21. 15

21.46

21.75

4. Conclusions and Further Work

The calculational methods which show a constant 1% deviation in

multiplication from experiment nevertheless, represents a reasonably

reliable design model. Analysis of the effects in neglecting the spatial

weighting of the fast cross sections with more correlations of effective

resonance integral experiments and GAM-I calculations will help to reduce

the areas of calculational uncertainties.

W/u

2. 19

2.93

3.87

7.03

8.51

10.38

10. 17
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C. AN ANALYSIS OF PLUTONIUM-LIGHT WATER CRITICAL

EXPERIMENTS - J. R. Worden, R. C. Liikala, and

W. A. Reardon

1. Introduction

A detailed analysis of three sets of critical experiments, the 1. 8 wt%

Lx, (1) the 2 wt% Hx, (2) and the 5 wt% Lx, (3) has been made. These experi-

ments all involved critical approaches using PuAl rods in light water at

various lattice spacings.

Three areas of potential difficulty in the analysis of plutonium sys -

tems were studied; (1) the basic cross section data, (2) calculation of the

space-energy distribution of thermalized neutrons in a lattice cell, and

(3) methods of calculating the neutron absorption rate in the 1. 056 ev

resonance of Pu 2 4 0

Descriptions of the analytical methods used, along with representative

results, are presented in the remainder of this report.

2. Methods of Analysis

The various systems were analyzed using HFN(4) with four energy

groups and a homogeneous model of the core. The group boundary energies

are shown in Table 10. 10.

1. W. P. Stinson and L. C. Schmid. "Subcritical Measurements with
1. 8 wt% Pu-Al Rods in Light Water, " Physics Research Quarterly
Report, April, May, June, 1962, HW-74190, pp. 17-24. July 16, 1962.

2. W. P. Stinson, J. A. Marks, and L. C. Schmid. "Subcritical Measure-
ments with 2. 0 wt% Pu-Al Rods in Light Water, " Physics Research
Quarterly Report, July, August, September, 1963, HW-79054,
pp. 43-46. October 15, 1963.

3. V. I. Neeley, R. C. Lloyd, and E. D. Clayton. Neutron Multiplication
Measurement with Pu-Al Alloy Rods in Light Water, HW-70944.
August 29, 1961.

4. J. R. Lilley. Computer Code HFN-Multigroup, Multiregion Neutron
Diffusion Theory in One Space Dimension, HW -71545.
November 17, 1961.
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TABLE 10. 10

GROUP BOUNDARY ENERGIES USED IN ANALYSIS

Group Lower Energy Upper Energy

1 11.7 kev 10 Mev

2 2.38 ev 11.7 kev

3 0.683 ev 2.38 ev

4 0 0.683 ev

Three codes were used to generate the group cross sections;

THERMOS, (1) HRG, (2) and TEMPEST. (3) Cross sections for Groups 1

and 2 as well as all group transfer cross sections were obtained from HRG.

The cell averaged absorption and fission cross section for Groups 3 and 4

were obtained from THERMOS. The diffusion coefficient for Group 3 was

obtained from HRG and weighted by the moderator-to-cell flux ratio

obtained from THERMOS. The diffusion coefficient for Group 4 was obtained

from TEMPEST and weighted also by the appropriate THERMOS-calculated

flux ratio.

From the measured number of rods for criticality, an equivalent

radius of the core was determined. The effective multiplication factor, keff,

was calculated for each core-reflector combination. The results, for two

different sets of cross sections are given in Table 10, 11. The results labelled

SHER and LEONARD are derived from cross sections taken from References

(4) and (5) respectively. Representative examples of the calculated thermal

neutron energy spectrum are shown in Figures 10. 2 through 10. 5.

1. H. C. Honeck. "The Distribution of Thermal Neutrons in Space and
Energy in Reactor Lattices. Part 1: Theory, " Nuc. Sci. and Eng.,
vol. 8, pp. 193-202. September 1960.

2. J. L. Carter. "HRG-Hanford Revised GAM, " Unpublished Data.

3. R. H. Shudde. NAA Program Description "TEMPEST-A Neutron
Thermalization Code, " North American Aviation Corporation,
September 1960.

4. R. Sher and J. Felberbaum. Least Squares Analysis for 2200 m/sec
Parameters of U 2 3 3 , U 2 3 5 , and Pub3, BNL-722. Brookhaven National
Laboratory. June 1962.

5. B. R. Leonard, Jr. "Low Energy Cross Sections of Fissile Nuclides, "
Neutron Physics, Proceedings of the Symposium Held at Rensselaer
Polytechnic Institute, May 1961, pp. 3-33, edited by M. L. Yeater,
Academic Press, New York, N. Y. 1962.
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TABLE 10.11

CALCULATED LATTICE PARAMETERS

k-SHER k-LEONARD

1.003

0. 996

0. 996

0. 988

0. 985

1.017

1.016

1.009

1.015

1.000

1.026

1.023

1.009

1.007

1.005

0. 994

0. 983

1.027

1.022

1.015

1.011

1.005

1.041

1. 042

1.032

1.041

1.026

1.054

1.051

1.037

1.035

1.033

1.023

1.012

,-SHER

1.726

1.730

1. 733

1.735

1.736

1.680

1. 684

1. 685

1.687

1. 688

1.836

1.853

1.858

1.865

1.872

1.875

1.877

M-LEONARD

1. 768

1.771

1.733

1.775

1.778

1.727

1.729

1. 733

1.734

1. 735

1.893

1.908

1.914

1.923

1.928

1.931

1.936

Lx

-. S.

0.75

0.80

0.85

0.90

0.95

Hx

0.75

0.80

0.85

0.90

0.95

5 wt%

0.75

0.85

0.90

1.00

1.10

1. 20

1.30

H/Pu

632. 5

812.8

1004. 5

1208.1

1423. 3

579. 1

744. 1

919. 8

1106. 1

1303. 1

228. 2

362. 5

435. 9

595. 4

771.7

964. 7

1174. 5

f-SHER

0. 852

0.816

0. 780

0. 745

0.711

0. 852

0.816

0. 781

0. 746

0.712

0. 932

0. 891

0.869

0. 824

0. 776

0. 729

0. 683

f-LEONARD

0. 849

0. 813

0.777

0. 742

0. 707

0. 851

0.816

0. 780

0. 745

0.711

0. 931

0. 891

0. 869

0. 823

0. 776

0. 729

0. 682
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For the sake of comparison, the parameters labelled LEONARD are

reproduced in Table 10. 12 along with corresponding parameters that were cal-

culated using a single thermal energy group flux depression factor calculated

using P3 .

TABLE 10. 12

COMPARISON OF LATTICE PARAMETERS

ONE GROUP VERSUS 30 GROUP

Hx

.s. H/Pu k 1 f k2 2 2

0.75 579.1 1.041 1.728 0.851 1.070 1.797 0.838

0.80 744.1 1.042 1.729 0.816 1.069 1.803 0.802

0.85 919.8 1.032 1.726 0.780 1.062 1.809 0.766

0.90 1106.1 1.041 1.734 0.745 1.070 1.811 0.732

0.95 1303.1 1.026 1.735 0.711 1.055 1.816 0.698

*Inferred from k1 by correcting for the change in Ff.

Definition of Subscripts

(1) THERMOS - HRG-1 - TEMPEST Chain

(2) P-3 - HRG-1 - TEMPEST Chain (One-Group Thermal Depression Factors)

3. Resonance Absorption in Pu2 4 0

A special application of THERMOS(1) was used to calculate the average

cross sections for group 3. Since this group includes the 1. 056 ev resonance

of Pu240, special consideration was given to energies about the resonance. A

total of 23 groups were used to span the resonance (0. 7 to 1. 4 ev). A sample

1. J. R. Worden, W. L. Purcell, and W. A. Reardon. 'THERBAR-A Chain
Compilation of THERMOS and BARNS," Unpublished Data. (The basic
reason for the development of this code was to permit easy access to the
basic RBU Library. However, several modifications were added in
addition to extend the usefulness of THERMOS.)
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of the calculated spectra over this energy range is shown in Figures 10.6 and 10.7.

Figure 10. 6 also shows the effect of Doppler broadening the Pu240 resonance

on the calculated flux shape.

Comparison is made in Table 10. 13 of effective resonance integrals cal-

culated with THERBAR and by the NRIA approximation using the methods of

Dresner. (1) Here the assumption was made that

I

where Q is the average Pu2 4 0 cross section calculated by THERMOS for

Group 3 and Qm is the average over a 1 /E spectrum. The value of Qm used is

Qm = 6485b.

4. Conclusions

As one can observe in Table 10.11, there is a systematic error in the

calculational model that contributes a 2% variation in the calculated values

of keff as a function of lattice spacing. Consequently, it is difficult to make

a definitive statement regarding the choice of cross section sets. However,

the analyses, taken overall, seem to support the conclusion of Aline(2) that

the Sher data gives the better results.

One can conclude from Table 10.12 and Figures 10.2through 10.5that it is

important to consider simultaneously the space and energy distribution of

neutrons in heterogeneous plutonium systems. Even the use of pseudo-

physical parameters such as "neutron temperature" fail to produce valid

results for a one-group model flux depression factor. This is not to say

that recipes could not be developed that would make such an approach

satisfactory for certain systems. At present, however, the recipes do

not exist.

1. L. Dresner. "Resonance Absorption in Nuclear Reactors, " Pergamon
Press, New York, 1960.

2. P. G. Aline and R. J. McWhorter. "The Effective Value of n for Pu2 3 9

ANS Trans., vol. 5, no. 2, pp. 369-370. November 1962.
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The use of THERBAR to calculate resonance absorption in the

1. 056 ev resonance of Pu240 appears satisfactory for light water systems.

The technique could be easily extended to other moderators. Care should

be exercised however to properly average the scatter transfer cross sec-

tions.

TABLE 10. 13

COMPARISON OF EFFECTIVE RESONANCE INTEGRALS

Lx, 1.8 wt% Pu
I /I1IeffI

L. s. H/Pu NRIA THERMOS*

0.75 632.5 0.621 0.636

0.80 812.8 0.625 0.658

0.85 1004.5 0.633 0.673

0.90 1208.1 0.640 0.684

0.95 1423.3 0.645 0.693

Hx
I /I0e ffo

t. s. H /Pu NRIA THERMOS THERMOS*

0.75 579.1 0.404 0.389 0.437

0.80 744.8 0.406 0.408 0.458

0.85 919.8 0.413 0.421 0.472

0.90 1106.1 0.419 0.432 0.483

0.95 1303.1 0.424 0.440 0.491

* Calculated with Doppler Broadened Pu2 4 0 Cross Sections.
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D. THE HIGH TEMPERATURE REACTOR PHYSICS PROGRAM -

W. W. Brown, R. J. Hoch, and A. De Pino

1. Introduction

The efforts to date on this program have been directed mainly

toward problems associated with the design of the High Temperature Lattice

Test Reactor (HTLTR) which is to be the principal tool used in the experi-

mental work. Items in the design of the reactor that have received special

attention include criticality calculations, materials and prototype testing,

the neutron time of flight spectrometer, and the lattice material oscil-

lators. The following summarizes the main results of the work.

2. Reactor Calculations

Although many of the nuclear characteristics of the HTLTR can be

adequately deduced from the measured characteristics of the Physical

Constants Testing Reactor (PCTR), to which it is very similar, it has

nevertheless been useful to calculate critical loadings and fluxes for a few

configurations. The calculations are helpful in making estimates of fuel

requirements and control rod worth, in evaluating the performance of

temperature coefficient controlling poisons, and in defining a source

distribution for shielding calculations.

The details of the reactor design and of the criticality calculations

have been given elsewhere. (1, 2, 3) Briefly the reactor is a 10 ft cube of

graphite bars surrounded by thermal insulation and a containment shell

to allow operation in a nitrogen atmosphere at up to 1000 C. Heating is

achieved electrically by graphite heater rods traversing the reactor

(1) W. W. Brown and R. E. Heineman. A Description of the High Tem-
perature Lattice Test Reactor, HW-77732. May 27; 1963.

(2) G. J. Bailey and J. R. Heald. Preliminary Criticality Calculations
for the High Temperature Lattice Test Reactor,. HW-83448. August 14,
1964; and Physics Research Quarterly Report April, May, June, 1964,
HW-83187. July 1964.

(3) W. W. Brown and R. J. Hoch. "The High Temperature Lattice Test
Reactor, " Physics Research Quarterly Report, July, August, Sep-
tember 1963, HW-79054, pp. 47-53. October 1963.
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horizontally. A central 5 ft square by 10 ft long section can be removed

horizontally, and into it experimental lattices up to- a 5 ft cube in size

can be placed. Driver fuel elements situated externally to the experimental

lattice render the system critical. The measurement of the infinite multi-

plication factor and other lattice parameters will be the main type of

information derived from the experiments. The methods employed will

be similar to those used with the PCTR. (1)

In summary, for the assumed configuration, the calculations pre-

dict a requirement of 27 kg of U2 3 5 in the driver fuel for a critical loading

and a concentration of temperature coefficient controlling poison of 0. 002 g

of gadolinium per gram of U 2 3 5 . At this concentration the reactivity varia-

tion over a temperature range of 1200 C is 0. 005, which is smaller by a

factor of about 10 than the variation when no gadolinium is present.

The eight HTLTR control rods are located just outside the driver

fuel region. Their worth was determined only very approximately by cal-

culating the worth of a single rod located along the reactor horizontal axis

and weighting this by a radial statistical distribution. The total worth thus

predicted for the 8 rods at a distance of 120 cm from the axis is about $2. 00.

3. Materials Testing

Three separate studies are being made of material problems for

the HTLTR. In the first, small samples of metals, alloys, and ceramics

are environmentally tested in a capsule maintained for long periods of

time at 1000 to 1200 C. In the second, prototype component parts for the

reactor are time and temperature te ted in a larger furnace. In the third,

the sources of corrosive contaminant gases have been studied. These are

either introduced as an impurity in the nitrogen or evolved from the insula-

tion and other materials when the reactor is heated.

(1) D. J. Donahue, D. D. Lanning, R. A. Bennett, and R. E. Heineman.
"Determination of k from Critical Experiments with the PCTR, "
Nuclear Science ancf ngineering, vol. 4, pp. 297-321. 1958.
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The environmental tests have shown that nickel, thoria dispersed

nickel, Hastelloy B, and molybdenum are reasonably compatible with

graphite and nitrogen for periods of 500 to 1000 hr at 1200 C. These mater-

ials have therefore been selected for use as cladding, structural members,

and component parts. Ceramics consisting of matrices of UO 2 and B4 C in

graphite are now being similarly tested for possible use in the fabrication of

fuel and control rod material.

The prototype testing is being done in two stages. The feasibility of

using graphite rods as electrical heating elements in the reactor was first

demonstrated with half length but full diameter models. Operation of such

a heater at a surface temperature of 1400 C in nitrogen under various con-

ditions has led to an adopted heater rod design. In the second stage the full

scale heater, as well as other prototype components such as control and

safety elements and thermocouples, will be tested in a larger furnace. The

construction of the furnace is now nearing completion.

The nature and amounts of the corrosive gases evolved from the

heated insulating materials have been measured. The gases are mainly H2O

and CO2, both of which can contribute to the corrosion of the graphite stack.

The amounts of these contaminants which are emitted by diatomaceous earth

(initially proposed for use as a part of the insulation) are larger by a factor

of ten than the contaminants from all other sources. Therefore, diatomaceous

earth, which constituted the outer 6 in. layer of insulation around the reactor,

will be replaced by fiberfrax or some equivalent material. When the reab-

sorption that occurs each time the reactor is opened is taken into considera-

tion, the fire brick insulation, which makes up the inner 13. 5 in. layer,

could emit an amount of H20 and CO2 over a 10 yr period of operation that

would result in the transfer of roughly 600 lb of graphite from the reactor

stack. Although this would not be prohibitive, several reactor design and

operational steps are under consideration to reduce it by a large factor.

4. The Neutron Spectrometer and Material Oscillators

The HTLTR will be equipped with a neutron chopper and flight tube

for measuring spectra of neutrons emerging from selected locations in an
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experimental lattice. Details of the spectrometer as prepared for reactor

design and experiment planning are given in HW-80540(1) and HW-800 20. (2)

Its energy range will be from 0. 0025 to 5. 0 ev with an energy resolution

of 5% at 5 ev. The rotor location is just outside the gas containment

shell, about 9. 5 ft from the reactor center. The flight tube is 25 m in

length and evacuated to about 0. 4 mm mercury of air. The rotor has a

diameter of 16 cm and spins about a horizontal axis at speeds of 900, 1800,

3600, and 7200 rmp.

There are to be two material oscillators for the HTLTR. They

are situated at opposite ends of the horizontal axis of the reactor. One

is primarily for moving larger objects, like a section of a lattice cell,

the other for moving smaller objects, like a thin rod carrying an absorber

sample. The features of both oscillators have now been defined, in suf-

ficient detail for design purposes, to ensure that all steps in the performance

of experiments into which they enter'can be carried out. The conditions

defined for each type of operation are maximum stroke length; minimum

transit time; size, shape, and mass of the sample to be moved; and loca-

tion of the sample in the reactor.

(1) R. J. Hoch. The HTLTR Time-of-Flight Spectrometer (Neutron
Chopper), HW-80 540. February 10, 1964.

(2) R. J. Hoch. "Analysis of a Neutron Chopper to be Used with the
HTLTR, " Physics Research Quarterly Report October, November,
December, 1963, HW-80020, pp. 14-22. January 15, 1964.
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E. AN APPROXIMATE BUCKLING OF PARTIALLY FILLED SPHERES

AND APPLICATION TO CRITICAL EXPERIMENTS -

W. A. Reardon

i. Introduction

In the course of the experiments at the Hanford Critical Mass

Laboratory, the situation is frequently encountered in which a sphere is

determined to be critical and not full or subcritical while full. The

most economical course of the experiments would be to convert these

more typical, but pathological, cases to equivalent full spheres in a

reliable manner and circumvent the necessity of determining the critical,

just-full sphere for each combination of nitrate and plutonium concentra-

tion. The most reliable method seems to be a "constant buckling" con-

version. To perform such a conversion requires a means of calculating

or otherwise determining the buckling of partially filled spheres.

In Part I, the basis for the application of the extrapolation to

critical buckling is set out, and an interpolation method derived. In Part II,

the application to experimental systems is examined. The problems aris-

ing in the application to reflected systems and some analysis of such

systems are given. An expression for reflector saving is derived. The

Appendix contains the necessary geometric preliminaries.

2. Part I - Basis for the Method

The multiplication factor of a chain reaction system is given by the

expression

1 1
S = 1 -k or the inverse S = 1 - k, (10)

then the inverse multiplication is equal to (1 - k), which can be converted

into a function of k , slowing down length, etc. , to get

= 1 - k (1 - M 2B2(11)

The inverse multiplication is thus a linear function of the buckling, B2 .

Most of the parameters can be computed with fair accuracy; but, to be
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useful, an expression for the buckling of a partially filled sphere is needed,

since the approach-to-critical will always depend upon it. To get this

buckling, an interpolation between the known bucklings of the hemisphere

and sphere based upon the surface-to-volume ratio is used. We start with

the expressions

3 _- (4/3)rr4

S V

and
B3 (4. 493385) (2/3)r (12)

H V

where
2

BH is the buckling of a sphere, and

2
BH is the buckling of a hemisphere.

It is assumed that between the hemisphere and the sphere:

B(h) =V and x = x(h) (13)

where h is the solution height in the sphere. It is convenient to then inter-

polate by setting:

x = Aa- + B, S/V = surface to volume ratio, (14)
and a is the radius of
the sphere.

Using this expression with the expression for B3 we have:

3 40. 0884V + 9. 6136 a

B(h)= , 3 s s 4. 5. (15)

This form is somewhat more general than indicated previously since the

numerator is independent of the sphere size. It is also amenable to easy

calculation.

2. Part II - Application to Experiments

To compute B3, and thus B2, from the former expression is relatively

easy if one measures h in units of the radius, i. e. , 0 s h s 2, then

aS _ 3 (4 - h) (16)
V h (3 - h)
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For use with the critical approach, this form now provides the means of

plotting the inverse multiplication versus the buckling. It will be accurate

up to the assumed value of X, the extrapolation distance, and the uncer-

tainty in X very likely does not justify a more sophisticated expression

for the buckling.

2
For the sake of clarity in notation, let: B , S , V be the quantities

as associated with full spheres, B2(h), S(h), V(h), be the same quantities

associated with the actual solution, and B2(h'), S(h'), V(h'), be the same

quantities associated with the spheres including the extrapolation distance

X [see Equation(17)].

When the sphere is critical, but not full, the situation is the same

except that the critical volume is known accurately for the odd geometry,

and needs to be converted to an "equivalent" sphere. This too can be done

in a relatively simple fashion by considering the geometry of the situation.

If h is the solution height (the quantity we usually measure directly) then the

h' of the solution plus extrapolation distance is given by [ see Figure 10. 8(a)].

ha + 2 '(17)

( 1 h' (a+X) = ha + 2X

A a
ha+2X

+ h'= a+>,

hha+
0 h! 2

FIGURE 10.8(a)

Geometry of the Bare-Partially Filled

Given h', the conversion to a full sphere of the same buckling proceeds as

before, and the radius of the "equivalent" sphere is given by:
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eq1/3
req = 4V' x (18)

The situation is drastically different when a reflector surrounds the

sphere, in that the effect of the portion of the reflector above the air gap is

not trivial. The proper division of the measured reflector savings between

the spherical surface and the top (flat) surface has not been decided. A few

experiments have been made in an effort to determine the effect, but conditions

were such that they failed to make a clear cut division. Some more experi-

ments will be needed to provide a definitive answer.

To obtain the volume of the extrapolated-partially-filled sphere, we

note from Figure 10. 8(b) that:

h= h +y+y1
l+y

where
6/a = y = reflector savings on the curved surface, and

y /a =y= reflector savings on the top surface,

then

V' = {a 3 h2 (3-h) + 6hy +3(2- h) hy1 ]

+ [3(1 + h)y2 + 6yy 1 + 3(1 - h)y (19)

+ [(y + y 1 )2 (2y - y1 ) ]J}.

6
1 = Top Reflector Savings

6 = Curved Surface Refl.
Saving

1 /a = y 1 , 6 /a = y

h' l = h+y+y
1+y

(0 h 2)

FIGURE 10. 8(b)

Geometry of the Reflected- Partially -Filled Sphere

Air Gap Solution

Reflector

Sha
\ /
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If one considers the reflector savings to be equal on all surfaces,

then

h' _h=+y

and

V'= a3 [h2(3 -h)+3hy(4 -h)+12y2+ 4 y3 (20)

Likewise, if the top reflector savings are ignored,

h' =h_

and

' = a3 Fh2(3-h)+ 6h+3 y2 (h +1)+ 2y3- 2V W L - y j(21)

Equations (10), (11), and (12) have in common the characteristics

that:

* The leading term in the brackets is just the solution volume, and

* The linear terms are, in each case, the "thin reflector" approx-

imation, i. e. , the area of the surface multiplied by reflector

saving.

Equation (20) applies directly to the bare systems if the extrapola-

tion distance is substituted for the reflector savings.

Having an expression for the equivalent bare solution volume, one

can proceed as before with the conversion to either filled reflected or bare

spheres. The surface-to-volume ratio is given by

aS _ 3 4 - h'
Sh~3- hrr)- (22)

It is clear that the reflector savings cannot be evaluated from Equation

(19) from a single measurement, unless an additional relation is estab-

lished between y1 and y. The relationship between y and y1 can perhaps

be established when there are experiments identical except for a small

change in concentration of the ingredients, and Lhus have different critical

solution heights, but reflector savings which are sensibly the same. If

the reflector savings is a strong function of the concentration, then additional

difficulties arise.

10. 38



10. 39 HW-83298

4. Part III - Application to Critical Mass Experiments

The schemes outlined have been applied to several critical experi-

ments at the Hanford Critical Mass Laboratory. (1) The procedure has

been to compute, for the data in the critical approach, the buckling value

for each step and plot the inverse multiplication versus the buckling.

Several examples are shown in Figure 10. 9 for subcritical, full

0.035
+

+

0.030 - + +

0.025 --

0 * Bare System

+ 1/2" Paraffin Reflected System Exp. Data
G) 14" Bare Sphere""
* 16" Bare Sphere
" 18" Bare Sphere

Straight Line Approx. Bare System

-- - Straight Line Approx. Reflected System
. - - - - - Curved Approx. Bare System

0.0201

1 1"II

0 100 200 300

FIGURE 10. 9

B2 (Critical) Versus Solution Concentration (g Pu/Liter)

systems and critical,but not full systems. The data from this scheme and

the usual mass versus (1/M) extrapolation are given in Table 10.14. As is

quite apparent, the correction is quite substantial when the system is far

subcritical and is still appreciable when the systems are relatively near

(1) W. A. Reardon, E. D. Clayton, C. L. Brown, R. H. Masterson,
T. J. Powell, C. R. Richey, R. B. Smith and J. W. Healy. Hazards
Summary Report for the Hanford Critical Mass Laboratory, HW-66266.
August 1960.



TABLE 10. 14

COMPARISON OF BUCKLING AND MASS EXTRAPOLATIONS OF CRITICAL APPROACH DATA

Bare System Except for 0. 044 in. SS Vessel

Experiment Solution
Number Conc., g/liter

1141001 297. 6
1141002 257.3
1141003 164.2
1141004 124.5-125.0
1141006 105
1141016 (a) 68.4

(b) 68.4
1141029 130

B 2 '
Critical

0. 0231
0. 0228
0. 0255*
0. 0289*
0. 0299*
0. 0284
0. 0283
0. 0258*

V liter Critical Mass, kg
eq' Buckling

36. 99
37. 72
32. 00*
26. 51*
25. 03*
27. 14
27. 28
31. 35*

11.009
9. 706
5. 254*
3. 307*
2. 645*
1.856
1.866
4. 075*

V ,liter(1 )
exp'

28.9
27. 4
25. 8
24. 8
24. 7
26. 0
26. 0
28. 6

Critical Mass 1

kg

8. 2
7. 050
4. 236
3. 094
2. 594
1.778
1.778
3. 718

Experimental Data**

14 in. Sphere
16 in. Sphere
18 in. Sphere

1141007
1141008
1141010
1141011
1141012
1141013
1141014
1141015 (a)
1141015 (b)
1141017
1141018
1141019
1141020

25. 07
34. 8
22. 35

98. 3
89. 0
63. 8

280. 7
250. 1
178.15
219. 5
220. 4
191. 2

62. 9
96. 7

164.6
164

0. 0272
0.0192
0. 0199

Aqueous Plutonium Nitrate Spheres with Thin Reflector***

0. 0341
0. 0347
0. 0334
0. 0278
0. 0279
0. 0323
0. 0298
0. 0299
0. 0296
0. 0279
0. 0305
0. 0304
0.0312

27. 26
26. 62
28. 04
36. 12
35. 94
29. 38
30.82
32. 66
33. 09
35.88
31.80
31. 90
30.77

2. 680
2. 369
1.789

10. 139
8. 991
5. 234
6. 765
6. 545
6. 327
2. 255
3. 075
5. 251
5. 046

23. 64
49. 00
34. 15

20. 5
20. 1
20. 8
25. 5
25. 3
22. 0
24. 5
23. 95
23. 8
25. 6
23. 5
23. 47
23. 0

0. 726
1.095
1. 194

2. 0151
1.789
1.326
7.158
6. 327
3.919
5. 279
4. 800
4. 551
1. 610
2. 273
3. 863
3. 772

*Average value
**Taken from HL-24514 Del

***1/2 in. paraffin

(1) E. D. Clayton, W. A. Reardon, R. C. Lloyd, T. J. Powell, R. H. Masterson. "Critical Mass Experi-
ments with Plutonium-Nitrate Systems, " Physics Quarterly Report, July, August, September, 1961,
HW-71747. October 13, 1961.
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critical. To compute the buckling, a value of the extrapolation distance

equal to 2. 45 cm was assumed and the 0. 044 in. of vessel wall was added

into the solution radius. With the assumption that the effect of the added

thin reflectors would have a small effect on the buckling, the bucklings

were computed as though the systems were bare [but including the

extrapolation distance X = 2. 45 cm as above, Equation(17)] . This provides

a means of both computing the reflector saving and correcting the extrap-

olated critical buckling. A curve (Figure 10. 10) is determined representing

the bare system data and another representing the reflected system data.

4

'0

>0V

3

21

0I

+

-+/

0.028 0.03

Bare Sphere 1/2" Paraffin Reflected +
Full-Not Critical Full- Not Critical

Reflected Not
Full Critical

+ "Paraffin "
Reflected

Not Full- I" Paraffin Reflected
Critical Full-Not Critical

0

0.035 0.04 0.03
0.033

B 2(h)

0.040.04 1 0.03
0.04

FIGURE 10. 10

1/M Versus B 2 for Various Homogeneous Critical Approaches

The correct volume to be used in the extrapolation to critical

buckling is the equivalent bare volume [from Equation (20)]:

VB = 3a 3 Lh(3-h)+3h ( a ) 4 -h)+''.

I ff
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This volume is the volume which would be obtained in a truly bare system

[within the assumptions contained in Equation(17)]. We have, however, the

volume obtained without the reflector savings:

VR = a3 [h(3 -xh)+3h (4 -h)+"'''.

These expressions are representative of the curves shown in Figure 10. 10.

Evidently then

oV = VB - VR = ra2h(4 - h) 6 [neglecting terms of order

higher than 1st in (6/A)]. The coefficient of 6 is just the surface area of

the solution, therefore,

AV

V is obtained from the extrapolated critical bucklings

129.87... 129.87....
R 3 B B

BR B

For the conditions of the experiment then:

AB 3 = 0. 001219 cm -3and

A V = 6. 94 liters.

The surface may also be obtained from the bucklings via the expression:
3

S = 4 . (23)
B

In the context of the previous argument the B2 corresponds to the

critical buckling of the reflected systems computed as though they were

bare (see Figure 10. 10).

Values of 6 obtained for some representative solution concentrations

are givenin Table 10.15. The 6 is seen to vary from 1.82 cm at 100 g/liter

to 1. 5 cm at 300 g/liter.
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TABLE 10. 15

CALCULATED REFLECTOR SAVINGS

4ir3 =124

B2  S cm 2  6, cm

100 g/liter 0. 03335 3720 1.82

150 0.03175 3908 1.78

200 0.0301 4123 1.68

300 0.02682 4625 1.50

Part IV - Conclusions

Within the limits of the assumptions made, a substantial correction

to some bare, subcritical, full and "thin" reflected, subcritical full systems

have been obtained. A method of obtaining the reflector savings has also

been demonstrated.

The corrections are in such a direction as to obtain better agree-

ment with values computed by multigroup diffusion theory.

Some of the effects not accounted for, but for the purposes of the

analysis have no deleterious effect on the results are:

* No attempt was made to correct for the various nitrate concen-

trations. This introduces some scatter into the points used to

obtain the curves in Figure 10.10. It is unlikelythat this will produce

a significant effect on the value obtained for 6.

* The curves of Figure 10. 10 are not properly straight lines, but the

sparcity of data and lack of correction for nitrate (to produce

smoother data) does not justify a more correctly shaped, but more

speculative curve.

* The use of Equation (17), containing the assumption of equal reflector

savings on all surfaces of the solution, will not produce an appre-

ciable error for systems near full (or full), but may introduce a

small error (when computing B2 for the purpose of critical-approach

plotting) for systems far from full.

By way of comparison, the reflected systems were computed with and

without the extrapolation distance included; Equations (17) and (18),(X = 2.45 cm)

and the extrapolated equivalent volumes differ by ~0. 6 liter.
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The value of 6 obtained is in excess of the thickness of a half

inch of paraffin (-1. 7 cm versus 1. 27 cm). The variation of 6 with solution

concentration is as expected, to reflect the increasing penetrability of the

thin reflector as the spectrum hardens. The large value of 6 is most

likely due to the use of a straight line to represent the buckling versus con-

centration data and if sufficient data were available, this difference will

probably disappear.
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F. CRITICAL MASSES AND BUCKLINGS OF PuO 2 -UO 2 - H 2 0 SYSTEMS -

L. C. Schmid, R. C. Liikala, W. P. Stinson, and J. R. Worden

The results of subcritical experiments and analytical correlations

are described for PuO2-UO2 fuel rods moderated with H20. The correla-

tion is the first reported with this type of fuel and the results are important

as a check on the analytical techniques used in calculating such systems.

The fuel rods, 0. 372 0. 004 in. in diameter and 48. 50 0. 07 in.

long, were loaded in hexagonal lattices which were completely reflected

with H20. The rods contain vibrationally compacted 1. 50 wt% PuO2 in

UO2 and are clad with 0. 0 27 0. 00 2 in. thick Zircaloy-2. Each rod con-

tains an average of 826. 6 g of PuO2-UO2. Both the uranium and plutonium

are 88% of the density of the corresponding oxide. The uranium is depleted

to 0. 22% U235 and the plutonium contains 91. 41% Pu239, 7. 83% Pu240

0. 73% Pu241, and 0. 0 3% Pu242 by weight. The top and bottom end caps

contain 7. 6 and 12. 8 g of Zircaloy-2, respectively. A 1. 9 g ZrO2 disc

and a 6. 3 g stainless steel compression spring are contained in that order

in a 5-3/4 in. gap between the top of the core and the top end cap.

The number of rods for a critical loading was determined by the

extrapolation of neutron multiplication data obtained with as much as 96%

of the critical mass. Count rates were also obtained along the central
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axis of each loading when 50% of the critical mass was loaded. From this

data the material buckling was computed and equated to the geometrical

buckling of the critical loading. Then values of the reflector savings were

calculated for each lattice with the assumption that the savings are equal

in the vertical and horizontal directions. The data obtained are summarized

in Table 10. 16 for a moderator temperature of 25 C.

TABLE 10. 16

ANALYTICAL AND EXPERIMENTAL RESULTS

OF PuO2 -UO 2 RODS IN LIGHT WATER

H/Pu
Atom No. of Rods for Critical Reflector Savings, Buckling,
Ratio Calculated Experimental cm m

230 1372 1487 3 8.40 f 0.06 48.0 f 0.2

326 778 829 7 7.99 f 0.10 65.1 t 0.8

567 459 484 1 7.27 *+0.03 78.5 +f0.3

794 408 420 t 1 6.93 f 0.03 74.9 f 0.3

1077 448 452 f 2 6.75 f 0.03 60.9 +f0.2

1169 482 488 f 2 6.64 f 0.05 55.2 0.2

The numbers of rods required for the critical loadings are compared

in Table 10. 16 to the numbers obtained from a one dimensional diffusion

theory calculation assuming a four energy group homogeneous cell model.

The cross sections for the two upper energy groups labeled 1 and 2 (10 MeV

to 11. 7 keV and 11. 7 keV to 2. 38 eV) were obtained from HRG. (2) The cell

averaged absorption and fission cross sections for the two low energy groups

labeled 3 and 4 (2. 38 to 0. 683 eV and 0. 683 to 0. 0 eV) were obtained from

THERBAR. (3) The free gas scattering model for hydrogen was employed

in Group 3 and the Nelkin scattering model in Group 4. The transport and

(1) J. R. Lilley. Computer Code HFN-Multigroup,. Multiregion Neutron
Diffusion Theory in One Space Dimensions, HW-71545. 1961.

(2) J. L. Carter. HRG-Hanford Revised Gam, Private Communication.

(3) J. R. Worden, W. L. Purcell, and W. A. Reardon. THERBAR -
A Chain Compilation of THERMOS and BARNS, HW-81927. To be
published.
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transfer cross sections for Groups 3 and 4 were obtained from HRG and

TEMPEST i) and weighted by the corresponding moderator-to-cell flux

ratio obtained from THERMOS. (2) All programs use the RBU cross section

library. (3, 4) The thermal cross sections used for Pu239 are those recom-

mended by Sher. (5) The methods used in calculations of mixed oxide systems

result in an underprediction of the critical mass of between 1 and 7%. This

corresponds to an overprediction of the effective multiplication of about

0. 5%.

(1) R. H. Shudde and J. Dyer. NAA Program Description "TEMPEST -
a Neutron Thermalization Code. " 1960.

(2) J. R. Worden, W. L. Purcell, and W. A. Reardon. THERBAR - A
Chain Compilation of THERMOS and BARNS, HW-81927. To be
published.

(3) R. C. Liikala. Updated RBU Basic Library, HW-75716, vol. 1, 2, 3.
1963.

(4) R. C. Liikala. Data and Methods Employed in Updating the RBU Basic
Library, HW-75715. 1963.

(5) R. Sher and J. Felderbaum. Least Squares Analysis of the 2200 m/s
Parameters of U 2 3 3 , U 2 3 5 , and Pu , BNL-722 (Brookhaven
National Laboratory). 1962.
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XI. PLUTONIUM RECYCLE TEST REACTOR OPERATION

AND RELATED FUNCTIONS

A. PRTR OPERATIONf

All fuel elements were removed from the PRTR for the period of

May 5 to June 6, 1964, to conduct leak rate tests of the PRTR containment

vessel. The output, during this quarter, was 2838 MWd which included

one sustained critical period of 571. 6 hr. The maximum power level was

maintained at 70 MW. The core loading at the end of the quarter consisted

of 78 UO 2 -PuO2 (52 were 0. 48 wt% PuO2, 1 was 0. 75 wt% PuO2 and 25were

1. 0 wt% PuO2) and 7 UO2 fuel elements, of which, three UO2-PuO2 and

three UO2 were instrumented.

B. DESIGN ANALYSIS AND TESTINGf)

A leakage rate of less than 1% at a test pressure of 14-1/2 psig was

measured on the containment vessel. The vessel was pressurized five

different times, reaching a test pressure of 15 psig on three occasions

and at 6 psig for the two other tests. Leakage rate tests were conducted

at each test pressure.

While pressure testing tubes of a small auxiliary system heat

exchanger (HX-5), a single tube failure was observed. The failure was

due to stress corrosion cracking from the outside of the tubing. Precau-

tions were taken to prevent conditions which would promote further stress

cracking. During the extended outage, a borescope inspection of a shim

rod access hole was performed. Inspection revealed rusting and spalling

near the bottom of the top shield. Corrective action has been initiated.

Inspection of the calandria exposed surfaces of a few aluminum shroud

tubes revealed, as expected, a small amount of corrosion product.

A test of the reactivity worth of coolant removal from fuel channels

was performed with the following results:
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Fuel Type, Location, Reactivity Change on
Unirradiated Ring Voiding, mk channel

UO2  1 +0.048 0.010

UO 2 -1wt% PuO 2  5 - 0. 007 t 0. 008

UG2-0. 48 wt% PuO2  9 - 0. 041 t 0. 015

A comparison of the 0. 48 wt% PuO2 in UO2 with the 1 wt% PuO2 in

UO2 was made with unirradiated fuel elements in Ring 5 to show that the

1 wto PuO2-UO2 was worth about + 1. 08 mk/element more than the 0. 48 wt%

PuO2 -U0 2 element. These tests resulted in a good estimate of the accuracy

and reproducibility of approach-to-critical measurements in the PRTR. It

was determined that comparative measurements can be made with an

accuracy of 0. 02 mk on each measurement.

Preliminary calculations to estimate the enrichment requirements

for a high density core-physics loading for a continuous 6 month run indicated

that an enrichment < 1. 5 wto PuO2 in UO2 would be adequate.

Some two dimensional calculations of a flux trap in the center of the

PRTR for possible NASA nuclear rocket program testing has indicated that

a flux of > 1 x 1014 nvt would probably be attainable in the fuel samples.

Analysis of reactor safeguards for 120 MW operation of the PRTR

continued. Core kinetic studies were completed. A test of the secondary

coolant and raw water flow has shown that required flow rates to the barometric

condenser can be accomplished.

One hundred and three fuel elements were visually examined in the

storage basin. During the reactor startup of April 8, a very minor burst

of primary coolant activity was observed. Reactor operation was continued

and the activity returned to normal by April 10. In May, a 5000 MWd/ton,

U0 2 -0. 48 wt% PuO 2 fuel element was found with a cladding defect by observ-

ing small bubbles in the storage basin.

Fifteen process tubes were visually examined and one was removed

as a part of the metallurgical analysis program.

The chemical processing of 35 irradiated Al-Pu fuel elements was

completed to provide 6. 2 kg of plutonium containing 22 to 27% Pu2 4 0 isotope.
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C. PLUTONIUM RECYCLE CRITICAL FACILITY~f

Experiments with EBWR fuel continued. Data were obtained for

rod and sheet calibrations, moderator level sensitivity, horizontal and

vertical traverses, reactor noise analysis, void and substitution mea-

surements, and flux distribution and spectrum studies. The EBWR core

for the PRCF was modified to permit the insertion of larger diameter test

assemblies to make flux measurements and kinetic experiments.

D. PRTR SUPPORT ACTIVITIES

1. PRCF-EBWR Safety Studies - Mixed Oxide Fuels~f) -

R. E. Peterson

The study to evaluate the effect of heterogeneities on the Doppler

effect in the mixed PuO2-UO2 EBWR fuels was completed. It was con-

cluded that even with present uncertainties in internal transient heat con-

duction in EBWR fuel, the Doppler effect should be delayed a negligible

amount. A general treatment of this problem is being carried out for pub-

lication and will include both thermal and fast reactors.

In addition, a brief analysis of the effect of a change in PuO2 particle

self- shielding during melting was completed. It was concluded that for the

particle sizes employed in EBWR fuel, the total effect is of the order of

1 or 2 mk and thus is nearly negligible.

2. PRTR Rupture Loop - R. E. Peterson

Calculations have been initiated to obtain an evaluation of the use

of the PRTR Rupture Loop for boiling burnout tests. Flux depressions in

44 in.., 19 rod mixed oxide clusters of varying enrichments is being investi-

gated to determine the maximum attainable heat flux in elements of this

type.

3. PRTR Specific Power Increase Study~f) - J. C. Fox, R. E. Peterson,

K. G. Toyoda

The study of technical requirements for increasing the specific

power level of the PRTR was continued. The 55 tube, 60 in. fuel element,
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70 MW core has been selected as the reference case. At least part of the

remaining peripheral tubes may be made available for special types of fuel

element testing, hence the additional power generated in these tubes will

require an increased heat removal capability, perhaps to 100 MW.

The study is directed to defining requirements and capabilities as

related to reactor performance, reactor core, fuel, primary system, con-

trol system including chemical and mechanical shims, and other auxiliary

systems which would be affected by core change.

4. Fuel Reuse - R. J. Hennig

A revised draft was prepared of the formal report on the four reactor

studies made during the previous quarter. Some further additions and

revisions were found to be necessary and are being incorporated.

5. PRTR Outlet Nozzle Closure - V. R. Hill

A gasket test station (Figure 11. 1) connected to the EDEL-I loop

has been completed which consists of three prototypical PRTR tube-nozzle

gasketed joint assemblies. Cycling of temperature and pressure is auto-

matically programmed to alloy accelerated testing in reduced time periods.

6. Calandria Tube Replacement Mockup~f) - V. R. Hill

A dimensionally reproduced mockup assembly has been completed

of the center portion of the PRTR reactor core including top shield, calandria,

and bottom shield. The mockup will be used for testing and developing

calandria tube removal and replacement tools for the PRTR.

7. PRTR Fretting Corrosion Studies~f) - W. C. Townsend, K. G. Toyoda,

W. K. Winegardner

a. Wedged Fuel Element Test

The PRTR Zircaloy- 2 pressure tube fretting corrosion is probably

caused by the translation of impact energy resulting from the relative

motion between the pressure tube and its contained fuel element. To demon-

strate the validity of this behavior, a PRTR UO2 fuel element was wedged

into a pressure tube in the TF-7 facility and the assembly subjected to
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typical PRTR operating conditions. To increase the fretting corrosion

potential in the test assembly, two of the three end bracket pads at both

top and bottom of the fuel element were sharpened to 0. 050 in. (from normal

1/4 in. ), and the tube assembly was externally vibrated at 2. 5 mils peak-to-

peak amplitude and 27 cps. Inspection after termination at 56 days showed

the upper end bracket position to be tightly wedged but the lower was loose.

The upper wedged position showed no fretting corrosion evidence other than

slightly bright marking, while the loose lower location with relative motion

potential, had 0. 001 to 0. 002 in. penetration associated with pad location.

The results suggest that relative motion between the fuel element and pres-

sure tube is indeed a fretting mechanism, and that prevention of this

behavior can minimize wear on the pressure tube.

b. In-Reactor Vibration Monitor~f

Inlet jumpers of three channels (1354, 1449, and 1653) and the 14 in.

primary piping are being monitored with vibration transducers. Records

have been obtained continuously during normal operating startups and

shutdowns.

Although the measured vibration amplitude generally increase with

higher reactor operating conditions (power, coolant temperature, pressure,

etc. ), a significant portion of the total vibration is unexplained. As an

illustration, measured peak-to-peak vibration amplitude of Tube 1653 has

varied from about 2. 5 to over 8 mils from one operating period to another

with reactor operating parameters nominally the same. Efforts are con-

tinuing to provide data which will identify the causative mechanisms of

vibration in the PRTR.

The secondary or steam pressure on the steam generator (HX- 1)

was varied from about 320 to 405 psig to determine the effects of this

variable. (The PRTR control is such that the primary coolant temperature

is related to the steam pressure. Therefore, any effect resulting from

the change cannot be separated into influence of coolant temperature or

boiler pressure.) In general, higher steam generator pressure produced

greater vibration at the tube inlet jumper and the 14 in. primary line.
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8. Materials Developmentf

a. Reactor Decontamination Studies - R. D. Weed

Laboratory tests were conducted to determine the effectiveness of the

following two solutions in dissolving PuO2:

" 0. 25M EDTA, 0. 75M ammonia, 0. 5M hydrazine at 95 to 100 C.

" Oxalic acid (2. 3 g/liter), H2O2 (45 ml/liter), sodium oxalate

(32 g/liter), and peracetic acid (11 ml/liter) at 85 to 90 C.

Both solutions were tested for 1 hr without agitation, using 50 ml of solution

and 5 mg of PuO2 in powdered form. Less than 0. 1% of the plutonium was

dissolved in either solution.

A dilute APAC decontamination process was tested in the IRP Loop

to clean piping surfaces contaminated with rupture debris from an irradiated

uranium fuel element. This process, which was recently used to decontami-

nate Shippingport, would permit removal of activity by ion exchange rather

than by draining and flushing. The first step was 10 g/liter NaOH and 10 g/

liter KMn0
4 recirculated for 24 hr at 150 C; the second step was 10 g/liter

dibasic ammonium citrate, also recirculated 24 hr at 150 C. The filter

activity was reduced only from 430 to 300 mr/hr, and the test section activity

increased from 38 to 45 mr/hr. A dark red-brown deposit was found on

stainless-steel coupons exposed to the process; none of the coupons appeared

to have been cleaned.

An aqueous solution of 0. 75M NH4OH, 0. 5M N2 H4 , and 0. 25M

EDTA (Na)4 (KAPL-HV) was tested as a single-step decontaminant for

stainless steel systems. Decontamination factors of 3 to 8 were obtained

on samples from PRTR jumpers after 17 hr exposure at 95 to 98 C in beakers.

Additional decontamination, with overall decontamination factors up to 14,

was obtained after another 24 hr exposure to fresh solution. These decon-

tamination factors are comparable to those obtained with other decontami -

nants; this solution will be evaluated further.

b. Chemical Shim for PRTR Moderator - T. F. Demmitt

Problems in the use of boric acid (10 to 50 ppm boron) as a chemical

shim in the PRTR moderator were evaluated. Design recommendations
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were submitted for supplemental ion- exchange system to control the boron

concentration. Tests are in progress to determine the boron capacity of

anion resin in contact with solutions containing less than 1 ppm boron.

It appears that continuous analyses will be required to provide adequate

control of the boron concentration. A spectrophotometric procedure for

boron analysis using carminic acid is being evaluated for use with a con-

tinuous instrument.

9. Aluminum Corrosion and Alloy Development(d) - D. R. Dickinson. and

K. D. Hayden

The second charge of aluminum-clad fuel elements from C-1 Loop

was examined. These had undergone corrosion testing for 25 days exposure

with 260 C outlet temperature and neutral pH. Weight loss measurements,

before cleaning to remove the oxide film, indicated corrosion rates which

increased uniformly from 3 mils/month at the upstream (cooler and lower

pwer) end of the charge to 14 mils/month on the downstream element. The

corrosion of the A-288 and KYZ alloys was only slightly less than for

X-8001. Visual examination showed that the corrosion was uniform with

no pitting or other localized attack. Red-brown crud deposits were present

only on the unheated ends of the fuel elements and on the upstream half of

the thermocouple (upstream) element.

A third test was started at pH 4. 5. After 2 days the loop dumped

to process water. Since such exposure to low-purity water may affect

subsequent corrosion, the loop was recharged.

The fourth charge was exposed for 62 days at 260 C outlet temperature

to deionized water adjusted to pH 4. 5 with phosphoric acid. The discharged

fuel elements have not yet been examined. As in previous tests, the change

in cladding temperature due to crud deposition and oxide buildup was

followed by a thermocouple inserted in the upstream element. During the

first half of the test, the cladding temperature rose only a few degrees; it

returned to nearly its original value after each outage, presumably as the

result of removal of crud by thermal shock. During the second half of the

exposure, the temperature rose significantly, and was no longer affected

by thermal cycles. The thermal resistance of the crud and oxide film built
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up to 65 F at a heat transfer rate of 105 Btu/hr-ft 2 at the end of the expo-

sure. The maximum rate of buildup, 3 F/day at a similar heat transfer

rate, occurred during a period of several days when the oxygen content of

the coolant was abnormally high. It is likely that this condition resulted in

higher rates of crud production by corrosion of the stainless steel piping.

These data show that crud deposition can be a serious problem in systems

where the pH is kept low to reduce aluminum corrosion.

This test terminates the experimental investigation under the

Aluminum Corrosion and Alloy Development program.

(e)
10. Critical Flow at High Pressures and Temperatures - F. R. Zaloudek

Experiments were started to investigate the critical flow behavior

of two-phase steam-water mixtures with fittings at the discharge end. This

piping configuration is important because in many cases the bending moments

on the pipes maximize at such fittings and there is an increased possibility

of a rupture at these points. Although much theoretical and experimental

information is available regarding the critical flow of two-phase mixtures

from uniform flow passages, it is questionable whether any of this informa-

tion is applicable to the core where the flow passage has a fitting at the end.

One of the first questions to be answered in this investigation was whether

one of the more advanced critical flow models of straight pipe flow would

also be applicable to a pipe with a fitting, such as a tee or an elbow at the

end.

A test section was constructed consisting of a length of 1-1/ 2 in.

schedule 40 pipe with an elbow welded to the discharge end. This test

section was installed so that the elbow was wholly within a discharge receiver.

The experiments were made by fixing the fluid enthalpy and flow rate and

varying the back pressure in small increments over the range of pressures

from atmospheric to a value approaching the upstream pressure. At each

increment, the effect of the back pressure on the pressure distribution along

the test section was noted.

Only low pressure and quality flows have been investigated in the

test runs made to date. Stagnation enthalpies of 341, 290, and 252 Btu/lb

and mass velocities of approximately 1300, 1600, and 200 lb/sec-ft 2 have
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been investigated. The results of these experiments showed that variations

in the elbow back pressure were propagating up the test section at back

pressures considerably below critical pressures predicted by the Fauske

model.

Therefore, it is possible that the Fauske model might predict low

critical flow rates at low pressures and qualities for the configuration con-

sidered.

11. Upstream Boiling Burnout Study(e) - E. D. Waters

Boiling burnout data were obtained with an Inconel tube 0. 444 in.

ID by 0. 819 in. OD by 60 in. long. Sixteen thermocouples were attached

to the outside of the 24 in. electrically-heated portion of the tube. The

tests were conducted at mass flow rates of 1. 0 x 106 and 1. 5 x 106 lb/hr-ft2

with a discharge pressure of 145 psia. Both upstream and downstream

type burnouts resulted.

It was found that the mixing of the test section coolant discharge

stream with a cold water quench steam can greatly affect boiling burnout

conditions. This steam-water mixing at the test section discharge apparently

causes serious pressure fluctuations which are transmitted upstream into

the heated region of the test section. Variations in the amount of quench

water used not only changed the heat flux and burnout, but also changed

the location of the point of boiling burnout. The fluctuations are of a high

frequency and became apparent only when the test section pressures were

monitored on a high speed recorder.

E. USAEC/AECL COOPERATIVE PROGRAM FOR THE DEVELOPMENT

OF HEAVY WATER POWER REACTORS

1. Heat Transfer Studies for the USAEC-AECL Cooperative Program on

Development of Heavy-Water-Moderated Power Reactors - J. M. Batch,

G. M. Hesson, D. E. Fitzsimmons

Experiments were made with an electrically heated test section to

determine the difference in boiling burnout heat fluxes of 19-rod bundle

fuel elements operated in both a vertical and horizontal position.
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The test section was made up of nineteen 0. 587 in. OD Inconel tubes,

6. 3 ft long. A spacing of 0. 050 in. was maintained between rods with a

wire wrapped on a 9 in. pitch around 12 of the rods. The test section was

installed in a 3. 25 in. pressure tube and operated at 1200 psig.

The results of the experiments are given in Table 11. 1. At a flow

rate of 0. 5 x 106 lb/hr-ft 2 , operation in the vertical position increases the

boiling burnout heat flux by 12 to 27% over that obtained in the horizontal

position. At a flow rate of 1. 0 x 10 6 lb/hr-ft 2, operation in the vertical posi-

tion has a minor increase in the boiling burnout heat flux. At higher flow

rates, the boiling burnout heat fluxes for both the horizontal and vertical

positions agree quite closely.

TABLE 11. 1

Flow
lb/hr-ft 2

x 10-6

2. 93
3. 04

2.01
1. 95
2.02

1. 00
1. 00
0. 99
0. 99
1. 03

0. 50
0. 50
0. 50
0. 50
0. 51

Inlet
Tempera-
ture, F

510
552

468
510
551

232
329
422
510
552

232
329
423
509
551

Burnout Heat
Flux, Btu/hr-ft 2

x 106

0. 475
0. 398

0. 464
0. 388
0. 329

0. 512
0. 449
0. 371
0. 299
0. 244

0. 305
0. 338
0. 244
0. 220
0. 190

Outlet
Enthalpy,
Btu/lb

640
665

649
672
688

640
688
720
754
756

726
780
818
881
869

Outlet
Quality,

10. 8
15. 0

12. 3
16. 1
32. 3

10. 8
18. 8
23. 8
29. 6
29. 9

25. 0
33. 8
40. 1
50. 5
48. 5

Ratio of Vertical
to Horizontal

Burnout Heat Flux

1. 03

1. 03
1. 03

1. 05
1. 06
1. 05
1.02
1.01

1. 12
1. 14
1. 17
1. 27
1. 27
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ARMED FORCES RADIOBIOLOGY RESEARCH
INSTITUTE

ARMY BALLISTICS RESEARCH LABORATORY

ARMY CHEMICAL RESEARCH AND DEVELOPMENT
LABORATORIES

ARMY ELECTRONICS RESEARCH AND
DEVELOPMENT LABORATORIES

ARMY ENGINEER RESEARCH AND DEVELOP-
MENT LABORATORIES

ARMY ENVIRONMENTAL HYGIENE AGENCY

ARMY HARRY DIAMOND LABORATORIES

ARMY MATERIALS RESEARCH AGENCY

ARMY MATERIEL COMMAND (DN-RE)

ARMY NUCLEAR DEFENSE LABORATORY

AR?.Y TANK-AUTOMCTIVE CENTER

ATOMIC ENERGY COMMISSION, BETHESDA

AEC SCIENTIFIC REPRESENTATIVE, ARGENTINA

AEC SCIENTIFIC REPRESENTATIVE, BELGIUM

AEC SCIENTIFIC REPRESENTATIVE, FRANCE

AEC SCIENTIFIC REPRESENTATIVE, JAPAN

ATOMIC ENERGY COMMISSION, WASHINGTON

ATOMIC ENERGY OF CANADA LIMITED

Ptd.

2

4

4

2

4

4

1

Standard Distribution

ATOMIC ENERGY OF CANADA LIMITED,
WHITESHELL

ATOMICS INTERNATIONAL

AVCC CORPORATION

BABCOCK AND WILCOX COMPANY

BATTELLE MEMORIAL INSTITUTE

BECHTEL CORPORATION

BERYLLIUM CORPORATION

BROOKHAVEN NATIONAL LABORATORY

BUREAU OF NAVAL WEAPONS

BUREAU OF SHIPS (CODE 1500)

BUREAU OF YARDS AND DOCKS

CHICAGO PATENT GROUP

COLUMBIA UNIVERSITY (NYO-187)

COMBUSTION ENGINEERING, INC.

COMBUSTION ENGINEERING, INC. (NRD)

DEFENCE RESEARCH MEMBER

DENVER RESEARCH INSTITUTE

DU PONT COMPANY, AIKEN

DU PONT COMPANY, WILMINGTON

EDGERTON. GERMESHAUSEN AND GRIER, INC..
LAS VEGAS

EDGEWOOD ARSENAL

FRANKFORD ARSENAL

FRANKLIN INSTITUTE OF PENNSYLVANIA

FUNDAMENTAL METHODS ASSOCIATION

GENERAL ATOMIC DIVISION

GENERAL DYNAMICS/FORT WORTH

GENERAL ELECTRIC COMPANY, CINCINNATI

GENERAL ELECTRIC COMPANY, PLEASANTON

GENERAL ELECTRIC COMPANY, SAN JOSE

GENERAL NUCLEAR ENGINEERING
CORPORATION

HUGHES AIRCRAFT COMPANY

lIT RESEARCH INSTITUTE

IOWA STATE UNIVERSITY

JET PROPULSION LABORATORY

KNOLLS ATOMIC POWER LABORATORY

2

2

3

1

4

1

1

1

2

2

2

37th Ed.
TID-4500

1

1

1

1



37th Ed.
TID-4500 UC-80

REACTOR TECHNOLOGY

Ptd.

2

Standard Distribution

LING TEMCO BOUGHT, INC.

LOCKHEED-GEORGIA COMPANY

LOCKHEED MISSILES AND SPACE COMPANY
(NASA)

LOS ALAMOS SCIENTIFIC LABORATORY

LOWRY AIR FORCE BASE

MARE ISLAND NAVAL SHIPYARD

MARITIME ADMINISTRATION

MARTIN-MARIETTA CORPORATION

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

MONSANTO RESEARCH CORPORATION

MOUND LABORATORY

NASA LEWIS RESEARCH CENTER

NASA LEWIS RESEARCH CENTER, SANDUSKY

NASA MANNED SPACECRAFT CENTER

NASA SCIENTIFIC AND TECHNICAL
INFORMATION FACILITY

NATIONAL BUREAU OF STANDARDS

NATIONAL BUREAU OF STANDARDS (LIBRARY)

NATIONAL LEAD COMPANY OF OHIO

NAVAL MEDICAL RESEARCH INSTITUTE

NAVAL ORDNANCE LABORATORY

NAVAL POSTGRADUTE SCHOOL

NAVAL RADIOLOGICAL DEFENSE LABORATORY

NAVAL RESEARCH LABORATORY

NEW YORK OPERATIONS OFFICE

NEW YORK UNIVERSITY

NRA. INC.

NUCLEAR MATERIALS AND EQUIPMENT
CORPORATION

NUCLEAR METALS, INC.

NUCLEAR TECHNOLOGY CORPORATION

NUCLEAR UTILITY SERVICES. INC.

OFFICE OF ASSISTANT GENERAL COUNSEL
FOR PATENTS (AEC)

OFFICE OF INSPECTOR GENERAL

OFFICE OF NAVAL RESEARCH

OFFICE OF NAVAL RESEARCH (CODE 422)

Ptd.

6

3

2

2

a

2

4

Standard Distribution

OFFICE OF THE CHIEF OF ENGINEERS

OFFICE OF THE CHIEF OF NAVAL OPERATIONS

PENNSYLVANIA STATE UNIVERSITY

PHILLIPS PETROLEUM COMPANY (NRTS)

PHYSICS INTERNATIONAL, INC.

POWER REACTOR DEVELOPMENT COMPANY

PRATT AND WHITNEY AIRCRAFT DIVISION

PUBLIC HEALTH SERVICE

PUERTO RICO WATER RESOURCES AUTHORITY

PURDUE UNIVERSITY

RADIOPTICS, INC.

RAND CORPORATION

RENSSELAER POLYTECHNIC INSTITUTE

REPUBLIC AVIATION CORPORATION

REYNOLDS ELECTRICAL AND ENGINEERING
COMPANY. INC.

ROCKY MOUNTAIN ARSENAL

SAN FRANCISCO OPERATIONS OFFICE

SANDIA CORPORATION, ALBUQUERQUE

SCHENECTADY NAVAL REACTORS OFFICE

SCHOOL OF AEROSPACE MEDICINE

SOUTHWEST RESEARCH INSTITUTE

TENNESSEE VALLEY AUTHORITY

TODD SHIPYARDS CORPORATION

TRW SPACE TECHNOLOGY LABORATORIES
(NASA)

UNION CARBIDE CORPORATION (ORGDP)

UNION CARBIDE CORPORATION (ORNL)

UNION CARBIDE CORPORATION (ORNL.Y12)

UNITED NUCLEAR CORPORATION (NDA)

U. S. PATENT OFFICE

UNIVERSITY OF CALIFORNIA, BERKELEY

UNIVERSITY OF CALIFORNIA, LIVERMORE

UNIVERSITY OF PUERTO RICO

UNIVERSITY OF ROCHESTER

UNIVERSITY OF ROCHESTER (MARSHAK)

WALTER REED ARMY MEDICAL CENTER

WESTINGHOUSE BETTIS ATOMIC POWER
LABORATORY

2

2

3

1

1

1

10

1

1

1

1

1

1

1



UC-80
REACTOR TECHNOLOGY

Ptd. Standard Distribution

2 WESTINGHOUSE ELECTRIC CORPORATION

1 WESTINGHOUSE ELECTRIC CORPORATION
(NASA)

1 WHITE SANDS MISSILE RANGE

325 DIVISION OF TECHNICAL INFORMATION
EXTENSION

37th Ed.
TID-4500

Ptd.

75

Standard Distribution

CLEARINGHOUSE FOR FEDERAL SCIENTIFIC
AND TECHNICAL INFORMATION

*New listing or change in old listing.
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