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A TOMICS INT ERNATIONAL

A Division of North American Aviation, Inc.

Program: Fast Reactor Development

Project: Parameter Surveys

Project Engineer: A. S. Gibson

Reporting Period: July-September 1965 AEC Category: 04-01-04-19

General Order: 7661 Subaccount: 1311

I. PROJECT OBJECTIVES

The general objectives of this project are: to review certain parameters which
sensitively affect the economic, safety, or mechanical design characteristics
of fast-reactors and determine the nature of these effects; to determine the
safety-economic tradeoffs which may be made by emphasizing one feature over
another in fast-reactor design; and to evaluate those components and operating
characteristics which have an effect on operating reliability. A specific objec-
tive is to determine the safety-economic tradeoffs of various types of fuel.
These studies will be designed to determine the relative economics and develop-
ment problems associated with sodium bonded and unbonded carbide fuel, un-
bonded oxide fuel, nitride fuel, and problems associated with venting or con-
taining fission products released from these fuels. Similar tasks are associ-
ated with identification of safety-economic inter relationships and development
problems for reactor mechanical components and systems.

II. MAJOR ACCOMPLISHMENTS IN FISCAL YEAR 1966

The project was opened in the current quarter. Major accomplishments to
date are: (1) the demonstration that system pressurization does not improve
the safety characteristics of sodium cooled fast reactors by materially increas-
ing the time required to reach boiling for a given transient, and (2) the demon-
stration that safety-economic interrelationships can be used to assist in estab-
lishing development goals and design criteria, particularly with regard to fuel
development.

III. PROGRESS DURING REPOR T PERIOD

A. SODIUM PRESSURIZA TION STUDIES

To determine the effect of sodium pressurization with the resulting boiling
point increase on the progression of potential fast-reactor accidents, a study
was conducted of various accident situations with and without sodium pressuri-
zation. A 1000-Mwe fast-reactor with characteristics described in NAA-SR-
11378, Vol I (for the core design designated as SB Mod 3) was used as the basis
for the study, and the kinetic code AIREK 3C (described in NAA -SR-11378,
Vol III) was used to make the transient analysis. Initial effort involved an eval-
uation of the effects of a flow reduction accident and a reactivity insertion acci-
dent on different fuel types without significant sodium pressurization (p = 33
psia). The boiling phenomenon was handled identically in all cases. At the
conclusion of the vaporization of 5% of the coolant within a node, it was assumed
that film boiling coefficients would apply and heat transfer coefficients were
switched to take this into account. In addition, in the bonded vented core the

NAA -SR -1 1650
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A Division of North American Aviation, Inc.

bond was assumed to vaporize when the cladding reached the saturation tempera-
ture of the coolant and heat transfer coefficients were switched accordingly.

Table 1 presents the response of five different types of cores to a reduction
in coolant flow. Coolant flow was reduced step-wise to 10% of the removal
value at t = 0. The numbers in the table represent the elapsed time in seconds
before fuel melting, clad melting, and coolant boiling. The time for coolant
boiling and clad melting is representative of the average channel; the time for
fuel melting is representative of the maximum channel. Fuel melting did not
occur in any of the cores in the average channel before termination of the tran-
sient. The power densities are per fuel pin in the fast region of the core.

TABLE 1

FLOW REDUCTION ACCIDENT

(Reduction of flow to 10%)

Average Fuel Melt Time CldMt Coan
CoreCadMt Coan

Rn. Core Type Power (sec)0* (xd) Time (sec) Boil Time
No. Density ad 49000*F (Oxride) at 2500* F (sec)

____ _______________ (kw /ft) ad40 0  C rie

5 Oxide Unbonded 11 0.75 1.60 0.65

1 Carbide Bonded 19.5 4.00 2.55 0.65
Unvented

17 Carbide Bonded 19.5 2.00 6.00 0.65
Vented

12 Carbide Unbonded 16.6 2.80 1.60 0.45

20 Carbide Unbonded 20.2 1.40 1.37 0.80

*Clad melts when fuel melts in average channel.

In Run 20 the mass of the cladding was lumped with that of the coolant and in
Run 12 it was ignored. This accounts in part for the longer time required to
reach the saturation temperature. Fuel and cladding melting occurred sooner
in Run 20. This is undoubtedly due in part to the approximately 20% greater
power density and may also be affected by changes which were made in the
blanket region time constants. The blankets contribute approximately one -half
of the Doppler feedback.

Runs 1 and 17 we re identical except for the as sumption that the bond would
vaporize in the vented core when the cladding reached the coolant saturation tem-
perature. This virtually stopped all heat transfer from the fuel causing it to
melt in half the time that it did in the unvented core where no vaporization of the
bond was assumed to occur. When the bond vaporizes, the cladding temperature
drops to very close to that of the coolant temperature and the model shows no
cladding melting. The cladding would melt, however, upon contact with molten
fuel and it is this time which is indicated in Table 1.

NAA -SR-i 1650
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Figure 1 shows the effect of the loss -of-flow (to 10%) accident on cladding
temperatures (outlet node) for the oxide fueled core at 33, 100, and 240 psia.
These pressures correspond to sodium boiling temperatures of 1800, 2100, and
2400*F respectively. The cladding temperature follows coolant temperature

3000

2500 --

2000 --

W Q 33 psia

2 6 100 psia
0 240 psia

1500 --

0 2 34
TIME (sec)

Figure 1. Cladding Temperature of Average Oxide -Core Channel

closely as coolant temperature increases to the boiling point and through the

early stages of boiling. When film boiling occurs with its resultant poor heat
transfer, the cladding temperature seeks a new level much closer to that of the
fuel. Figure 1 shows that there is no advantage to pressurizing the system as
it has little effect upon the time required for the cladding to reach an unsafe
temperature (approximately 25000*F). At the time cladding reaches 25000*F in
these transients, only the centerline fuel in the center node of the hot channel
has reached its melting point while the average fuel temperature is still at
30000*F or below.

Table 2 presents the response of three of the cores to a reactivity insertion
followed by a scram. $1.50 was inserted at $100/sec at t = 0; beginning at
0.2 second, -$4 was inserted at -$10/sec. No coolant boiling or clad melting
occurred during Runs 13 and 23. No reactivity insertion transients were con-
sidered in the oxide core; since for any appreciable insertion, the fuel vapor-
izes before the sodium reaches its boiling point at even the lowest system pres-
sure. The system pressure is therefore of no concern in the reactivity insertion
transient.

Loss of flow studies (to 10%) were made for the sodium bonded, unvented car-
bide core shown on Figure 2, leading to the same conclusion as that reached for
the oxide core. Actually the cladding reached melting temperature (2500*F)
slightly quicker at the higher pressures than at 33 psia; however, considering
the approximations which must be made in this type of study, slight differences
are inconsequential.

NAA-SR-l 1650
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TABLE 2

REACTIVITY INSERTION ACCIDENT

___($1.5 0 r eactivity in s ertion f ollowe d by $4. s cr am)

Average . Clad Melt Coolant

Run Core Fuel Melt Time Time Boil Time
No. Densitye atw4r0(sFc)sec) (sec)

_______________ Denskw/ty at___43____*F at 2500*F at 1800*F

6 Carbide Bonded 19.5 0.0346 0.35 0.20
Unvented

13 Carbide Unbonded 16.6 0.0223 --

23 Carbide Unbonded 20.2 0.0202 --

3000

2500 0 ]240 psia

0 0 -

O 200

TwE(sc
Fiua- ldigTmeaueofAeaeCrieCr hne

meltig at33 psa, $.75 my betoleANDOULTND AT00AN 240 psia totcadn aae

There is no sodium boiling with the $2.00 insertion at 240 psia; however, cladding

NAA-SR-1 1650
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temperatures are too high. In all of these reactivity insertion transients, a

scram was assumed to occur at 0.2 sec which inserted -$4 in 0.4 sec.

B. FUEL CYCLE STUDIES

To determine the economic potential and the relative safety-economic trade-
offs between various fuel concepts, a study of these effects was initiated. Pa-
rameters being investigated are shown in Table 3.

TABLE 3

FUEL CYCLE PARAMETERS

Item IParameters
Type of Fuel Mixed -Oxide

Mixed -Carbide

Mixed -Nitride

Fission Gas Containment Vented

N onvented

Fuel Properties Density

Thermal Conductivity

Thermal Bond Gas

Sodium

Geometry Diameter

Tempe rature Fuel Center

Cladding

Irradiation Burnup

Initial work has involved scoping studies on mixed-carbide to compare the
economic and safety interrelationships between nonbonded carbide, bonded car -
bide, and nonbonded oxide. The bonded carbide and nonbonded oxide fuels are
compared in NAA-SR-11378, Vol I, on an economic basis. Table 4 shows the
thermal-hydrodynamic data for a mixed-carbide core with gas bonded fuel pins
in a 1000-Mwe reactor operating at an average linear power in the fast region of
11 kw/ft. For a gas bonded fuel pin with a contact resistance of 1500 Btu/hr -ft2 -_
*F, an average linear power in the fast region of 11 kw/ft results in a peak center
temperature in the hottest fuel element of 13000*F.

Previous studies in NAA-SR-11378, Vol I showed that sodium bonded carbide
fuel operating at an average linear power in the fast region of 13 kw/ft and at a
peak center temperature in the hottest element of 2100*F enjoyed a slight eco-
nomic advantage compared with oxide fuel operating at a peak temperature in
the hottest element of 47000*F (and an average linear power of 9.6 kw/ft). Based
upon extrapolation from this data, it appears that the nonbonded carbide core
described in Table 4 will show approximately equivalent economics to the oxide
fuel. Based upon limited kinetics studies, it also appears that the nonbonded

NAA-SR-l 1650
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TABLE 4

1000-Mwe REACTOR WITH GAS BONDED FUEL

(Preliminary Design Data) _____

Parameter Fast Region Blanket Blanket

Type of Fuel

Number of Modules

Average Enrichment (%0)
Active Core Height (ft)

Axial Blanket Height (ft)

Fuel Diameter (in. )

Clad Thickne ss (in. )

Fuel Rod OD (in. )

Fuel Rods /Element

Total No. of Elements

Volume Fractions of Module (%0)
Fuel and Gas Gap

Sodiumn

Steel

Overall Power Split (0)
Total Power/Region (Mw)

Axial Peak/Average Power

Rod Radial Peak/Average Power

Power Hot-Channel Factor

Average Linear Power (kw/ft)

Nominal Maximum Linear Power (kw/ft)

Peak Linear Power (kw/ft)

Coolant Inlet Temperature (*F)

Nominal Coolant Temperature Rise (*F)

Peak Fuel Temperature (*F)t

Peak Clad Temperature (*F)

PuC - UC

16

23.5

4.3

2.0

0.220

0.0150

0.250

127

256

23.3

61.5

15.2

63.6

1590

1.28

1.29

1.41

11.4

18.8

26.5

750

400

3015

1304

PuC-UC

16

3.0

4.3

2.0

0.35 0

0.010

0.370

9 1

288

42.3

44.9

12.8

21.5

540

1.28

1.76

1.41

4.8

10.8

15.2

750

400

1869

1187

PuC-UC

16

3.0

4.3

2.0

0.350

0.010

0.370

9 1

224

42.3

44.9

12.8

14.9

370

1.28

1.83

1.41

4.2

9.9

14.0

750

400

1823

1186

*Including a gas gap of ~2 mil
t Based on a fuel conductivity of 10 Btu/hr -ft-*F, a gap heat
of 1500 Btu/hr -ft -*F, and 100%0 mixing of coolant.

NAA -SR -1 1650
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carbide core described in Table 4 will behave approximately the same as the
oxide core for the two accident situations described under Ill-A above. Due to
the higher thermal conductivity of the sodium bonded carbide fuel, it is expected
that its response to transient inputs will be different from that of the gas bonded
fuel.

C. PLANT SYSTEM TEMPERATURE AND PRESSURE STUDY

An evaluation was conducted of the economic effects of varying plant sodium
and steam temperatures and pressure in a 1000-Mwe reactor. This effort was
confined to cost variations in the plant system and equipment excluding the reac -
tor. The resulting data are therefore not sufficient to justify final selection of
plant temperatures since, for example, cost variations in the fuel cycle caused
by different temperature selections are not included.

A summary of the system parameters studied is shown in Table 5. Major
equipment costs included in the study were as follows.

1) Steam generator (surface computed at $68, $102, and $136 per ft2 )
2) Intermediate heat exchanger (surface computed at $57/ft2)
3) Primary and secondary sodium pumps
4) Primary and secondary sodium piping
5) Turbine -generator and main steam condenser
6) Steam piping
7) Feedwater heaters

Economic cost factors were as follows.

1) $50,000 per 1% change in reactor thermal rating
2) 80% load factor
3) Use demand charge of $75 per kilowatt
4) 12% capital charge rate
5) Fuel cycle costs of 64 and 124 per 106 Btu

TABLE S

1000-Mwe REACTOR PARAMETER STUDY
(System Temperatures *F)

Reactor Mixed Mean Sodium 1200 1150 1100 1050
Outlet Temperature

Secondary Sodium Hot-Leg
Temperature 1100 1050 1025 1000

Reactor (Primary) Sodium
Delta T 250-35 0 250-350 250-350 250-350

Secondary Sodium Delta T 325 -400 325-400 325-400 325-400

Main/Reheat Steam Tem-
perature 1000/1000 950/950 950/950 900/900

950/950 900/900 900/900 850/850

______________________ 900/900 850/8S0 850/8S0 850/850

NAA-SR-1 1650
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The turbine heat rate was computed for each steam condition selected to de-
termine capitalized fuel cycle costs, and pumping power requirements were
computed to determine demand charges. All of the studies completed to date
were based upon a 2400-psig steam pressure. A typical schematic of the reac-
tor flow arrangement is shown in Figure 3 and a typical cycle displayed on a
temperature-enthalpy diagram is shown in Figure 4.

A summary of the resulting calculated optimum temperatures under the dif-
ferent assumed parametric conditions is shown in Table 6. It is noted from
this table that optimum primary sodium AT is between 275 and 325*F, optimum
secondary sodium AT is approximately 50*F higher than primary sodium AT.
For 64 fuel cycle costs, optimum main/reheat steam temperatures are 9000*Ff
900* F; and for l24 fuel cycle costs, main and reheat temperatures are 950* Fl
9500*F.

TABLE 6

OPTIMUM SYSTEM TEMPERATURES

Reactor Outlet Temperature ('F) 1200 1150 1100 1050

Secondary Hot-Leg Temperature (*F) 1100 1050 1025 1000

Steam Generator Cost ($/ft2) 68 102 136 68 102 136 68 102 136 68 102 136

IHX Cost ($/ft2) 57.25 57.25 57.25 57.25

Fuel Cycle Cost 6/106 Btu

Best Primary AT (*F) 325 325 300 300 300 300 285 275 275 210 220 230

Best Secondary AT (*F) 400 375 350 350 350 325 350 325 325 350 310 325

Best Steam Temperature ('F) 950 950 900 950 900 900 900 900 900 900 900 850

Fuel Cycle Cost 12H/106 Btu

Best Primary AT ('F) 350 325 300 300 300 300 275 275 275 200 210 220

Best Secondary AT ('F) 400 375 350 350 325 325 325 325 325 350 350 325

Best Steam Temperature ('F) 950 950 950 950 950 950 950 900 900 900 900 850

Table 7 shows the comparative cost differences for reactor outlet tempera-
tures varying from 1050 to 1200*F at the parametric conditions noted. Although
the greatest savings is shown for the 12000*F case for all parametric conditions
shown, as noted previously, care should be exercised in using this table since
reactor costs are not included. For example, the core structural costs for in-
creasing temperature from 1150 to 1200*F will result in a debit to the 12000*F
system. Additionally, the higher sodium temperature will result in higher fuel
cladding temperature which could restrict burnup, thus increasing fuel cycle
costs. The capitalized value of this increased fuel cost would also be a debit
against the higher temperature system.

The steam generator costs shown in Table 7 vary from $68/ft2 to $ 136/ft2 .
Based upon a modular steam generator design, these values correspond to the
estimated fabricated and installed costs respectively. Steam generator cost
differences in going from 1100 to 12000*F were estimated to be negligible. It is
possible that a materials change can be incorporated in the steam generator at
10500*F thus lowering the cost somewhat.
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Figure 4. Sodium/Steam Parameters on a Temperature/Enthalpy Diagram
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TABLE 7

COST EFFECT OF REACTOR OUTLET TEMPERATURES

Fuel Reactor Mixed Potential Savings Additional Costs Over
Cyce Mean Sodium Over Base Case With Base Case With
Cyost Outlet Temperature Steam Generator Cost Steam Generator Cost

Cost__ _ _ _ __ _ _ _ __ _ _ __ _ _ _ _ __(__ _I__ _ __F) _______

at 68/t2 at $ 136/ft2 
-at $68/ft2 | at $136 ft2

64 per 106 Btu 1050 - - $2.2 x 106 $3.4 x 106

1100 Base Case Base Case

1150 $2.3 x 106 $3.2 x 106 --

1200 $3.5 x 106 $4.9 x 106 --

124 per 106 Btu 1050 - - $2.3 x 106 $4.0 x 106

1100 Base Case Base Case

1150 $2.7 x io 6  $3.3 x i06 - .

1200 $3.8 x i06  $5.2 x 106 - .

D. CONTAINMENT -ENERGY RELEASE EVALUATION

The magnitude of energy release of the maximum hypothetical meltdown acci-
dent is often computed by methods developed by Bethe -Tait;( 2 ) and modified by
Jankus(3 ), Br out(4 ), N icholson(5), and Meyer-and-Wolfe.(6 ) The percentage of
the total energy produced in the excursion, which is available for mechanical
work, is dependent on the properties of the core materials. The equations of
state of the reference core maaterials; i. e., heat of fusion, heat of vaporization,
and heat of sublimation, are derived from Hougen, Watson, and Ragatz.( 7 ) After
the fuel is brought to the point of vaporization, the remaining energy is converted
to an equivalent high-explosive yield using the relationship that 2 Mw-sec = 1 lb
TNT. This quantity of free energy is used as the containment design loading.

A TNT explosion is a chemical reaction which has its effect by three dis -
tinct and separable phenomena, namely: the shock wave, the blast effect, and
heating effect. The three phenomena are separable mainly because they occur
at, and persist for, different times. The shock wave, a microsecond affair, car-
ries and dissipates a fixed amount of the total available energy (=25%). It is
essentially a step function in pressure which decays with a microsecond time
constant and proceeds spherically through the media surrounding the source of
the explosion at several times the speed of sound. Its destructiveness is large
because it dissipates its energy by giving an almost instantaneous acceleration
to everything in its path.

The blast effect, a quasi-static gas pressure, results from the kinetic energy
of the gaseous explosion products. It also consumes a finite amount of the ini-
tial energy, the magnitude of which, however, has as yet not been determined
accurately. The blast effect does mechanical work on the surrounding medium
and would in a reactor vessel; and, since it is a quasi-static effect, the degree
of physical damage resulting from this source is usually much larger than that
from the preceding shock wave, in spite of the fact that the blast peak-pressures
are several decades smaller than shock pressures. The third factor is the heat-
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ing effect, or heat losses to all media in contact with, and surrounding the ex-
plosion products. This effect dissipates the remaining portion of the released
energy by radiation and convection; and, although this is the largest share of the
energy (between 50 and 60%), the overall effect is only a small increase in tem-
peratures because of the large inherent heat capacities.

Figure 5 shows a schematic representation of the progression of an explosion
in a reactor. This explosion flow-diagram also schematically represents a dig -
ital computer code developed as a part of a company-sponsored effort to study
explosion effects on containment. The code calculates: the shock wave ener -
gies at various distances from the explosion center; the reactor vessel defor-
mation at various points, computing the total increase in vessel volume; and, if
the shock energies are larger than required to rupture the wall at any point, it
calculates the kinetic energies of the resulting missile fragments. In the upper
region of the vessel, the code calculates the kinetic energy of the sodium spray
which is propelled by the shock wave towards the top shield; after comparing
this with the energy requirements to shear off the shield support, it determines
the distance the shield would be lifted by this effect alone.

The blast effect is formulated in a similar manner. First the maximum
pressure is calculated by using the original vessel volume plus the deformation
volume increase from the shock wave. Then, by an iterative process which is
based on the clausius inequality principle, the masses of fuel, steel, and sodium
which are vaporized in the explosion are calculated and the temperature of the
mixture is determined.

The mechanical work done by the explosion gases is computed as a function
of time. The time rate of expansion of the product gases into the reactor cavity
is calculated (if the primary containment is breached by the shock or blast
effect), as is the gas flow past the moving top shield (again only if the explosion
is large enough to lift the shield). Finally, pressures, temperatures, and max-
imum lift of the shield are determined.

To determine the effect of energy release in hypothetical accidents on con-
tainment requirements, this code is being applied to typical reactor vessel ar-
rangements. Energy release is an independent parameter, and its effect on
different geometric arrangements is being evaluated. The adequacy of alterna-
tive containment schemes to meet varying levels of energy release is also being
evaluated.

IV. EVALUATION OF EFFORT TO DATE

Effort completed to date demonstrates the usefulness of parametric studies
in defining reactor- and plant-design criteria, and in setting development pro-
gram objectives and direction.

The results of fuel cycle studies demonstrate that there are definite safety-
economic interrelationships which can be determined quantitatively for the dif-
ferent fuel types being considered. Furthermore, the relative economic poten-
tial resulting from the selection of different fuel design, fabrication, and operat-
ing parametric conditions can be determined. The sodium-pressurization study
demonstrates that sodium pressurization does not appear to result in an improved
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safety situation. The system temperature-pressure study indicates an economic
trend towards higher system temperatures and pressures if the reactor effects
are ignored. These effects should be evaluated.

V. NEXT REPORT PERIOD ACTIVITIES

This project was terminated.
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I. PROJECT OBJECTIVES

The general objective of this project is to develop reactor physics calcula-
tional techniques and codes for reactivity, neutron economy, and critical mass
for sodium-cooled fast reactors that are efficient, reliable, and accurate.
Specific objectives include improvement in the methods for calculating multi-
group cross -sections for use in multigroup codes, and the improvement of
various features of the codes themselves. Special emphasis is placed on the
treatment of resonance capture, inelastic and anisotropic scattering, and neu-
tron leakage, emphasizing the neutron spectrum and the cross-sections in the
kilovolt energy region and above. The influence of various reactor character-
istics on the energy release from core meltdown accidents will be evaluated.
Improvement will be sought in the calculation of reactivity coefficients, and in
the determination of their dependence on core burnup. Machine codes and neu-
tron cross-section libraries for making fast-reactor neutronic calculations will
be improved. Comparison will be made between calculated results and experi-
mental measurements.

II. MAJOR ACCOMPLISHMENTS IN FISCAL YEAR 1966

Checkout was finished on most of the features of CAESAR-IV which were
contained in the FORTRAN-Il version. Coding and checkout continues on im-
provements in the edits and code options. A preliminary version of the code
was placed in production status.

Work is proceeding on the GRAVE-II (GRISM) code, and successful runs were
made with the GRAVE-TRIXIE combination.

The SIZDEK-II code was finished.

Analysis of reactivities and central fission ratios have been made for 4
ZPR-III fast critical assemblies. Results indicate that our fission cross-sections
for U2 3 5 and Pu2 3 9 may still be about 2% too high at energies above a few kilo-
volts. The values for U2 3 3 appear to be about 10% high.

An evaluation of dilute resonance integrals and effective cross-sections for
fissionable isotopes calculated using single level resonance theory was started.
A literature survey on the effects of resonance overlap on group cross -sections
and the Doppler coefficient was finished.

NAA-SR- 11650
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III. PROGRESS DURING REPORT PERIOD

A. CAESAR-IV

All the features which were contained in the FORTRAN-II version of the
multigroup diffusion theory CAESAR code were debugged except for the punched
card output options which cannot yet be included in CAESAR-IV because of a
current shortcoming in the computing system. A number of improvements were
made in the CAESAR-IV output edits, and a new 5-element concentration search
was added. Work was started on an option to interpolate resonance cross-sections
from a table on each iteration of concentration searches. Additional improve-
ments in the code options was planned. A preliminary version of the code was
placed in production status so that wider experience in its use may be obtained.
This version will be updated as additional improvements are made in the code
options and edits.

B. GRAVE-II (GRISM)

In cooperation with the cross -section analysis and application project (7604-
1310), work proceeded on combining the GRAVE, PRISM, TRIXIE, and CON-
TRACT codes into a single code for the production of multigroup cross-section
libraries. Coding was finished on the combination of GRAVE and TRIXIE, and
successful test runs were made to produce group-averaged cross-sections for
resonance isotopes. Debugging of the GRAVE and PRISM combination is in
progress. Certain problems with the neutron spectrum generation techniques
in these codes remain to be resolved. The inclusion of CONTRACT, which
properly formats the various output libraries, remains to be done.

C. SIZDEK-II

SIZDEK-II is a code for constructing punched card cross-section libraries
for the SIZZLE, AIM-6, BIP, ELMOE, and DTF codes from a FAIM or
CAESAR-Il library. Originally devised to automate the construction of special
purpose SIZZLE libraries , the code has now been extended to include the other
libraries as well. This makes it relatively easy to extend or refine calculations
made with FAIM or CAESAR-Il (the codes used at AI for making most of the sur-
vey calculations) by running any of the other codes with an identical set of micro-
scopic cross-sections. SIZDEK-II is the only code currently available for link-
ing the libraries of these codes.

D. ZPR-III CALCULATIONS

Revised 35-group cross-section libraries were constructed for ZPR-III crit-
ical assemblies 29, 31, 34, and 36 which had previously been selected as a part
of the cross-section testing prog ram. Libraries for all 4 assemblies were pre-
pared by using the revised U23 cross-sections based on data recently obtained
from Aldermaston and resonance cross-sections generated with the TRIX code.
The neutron spectra for cross-section weighting for each assembly was calcu-
lated with ELMOE. The transport cross-sections were weighted directly with
the current spectrum and other cross-sections with the flux spectrum except
that the TRIX resonance cross-sections were not weighted with the ELMOE
spectrum. However, the correction to the group lethargy width to account for
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flux depression by the resonances of the absorbing isotope was included for the
resolved resonances. The highest resolved resonance for U2 3 8 was at 3,904 ev;
that for U2 3 5 was 61 ev.

Criticality calculations were made for the above assemblies with the
CAESAR-IV code. The calculated value of keff for each as sembly should be
unity in order to agree with experiment. Results are presented in Table 1,
along with results reported by other laboratories, for comparison.

TABLE 1

ZPR-III REACTIVITY CALCULATIONS

A s s embly CAEA Day(a) Meneghetti(b) Yiftah(c ) Yiftah c )
No. CEA Daegi (1964 set) (ANL 26-group)

29 1.0310 1.003 0.979 0.9951 0.971

31 1.026 1.006 - 0.9947-

34 1.027 0.997 0.982 1.001 0.977

36 1.006 0.994 0.996--

(a) W. G. Davey, NSE 19, 259 (1964).
(b) D. Meneghetti and J. R. White, ANL-7010, page 110, (1964).
(c) S. Yiftah and M. Sieger, IA-980, page 16 (1964).

The CAESAR calculations are based on diffusion theory; the others S-4 on
transport theory. An S-4 calculation for assembly 29 was made with the DTF
code using the same spectrum for weighting the DTF cross-sections as with
CAESAR. The S-4 result was keff = 1.0286, a reduction of 0.0024 in keff,
showing that diffusion theory introduces very little error for these assemblies.

The transport correction to the diffusion coefficient, given by

D trLS tr

was also tried for assembly 29. The result showed a reduction in keff by the
amount 0.0071 as compared with the value obtained with the option D = l/ 3 Ltr-

The neutron spectra obtained with CAESAR were somewhat softer than those
reported by Davey and also showed some structure that he did not find. Davey
observes that his spectra are too hard. The reason for the CAESAR spectra
showing st ruc tur e that D avey' s c alculations did not obtain c an be attribute d in
part to the fact that (1) Davey used a single ELMOE fine group spectrum to
weight the coarse group cross -sections for all assemblies while we calculated
an ELMOE spectrum for each assembly, and (2) the AI light element cross-
sections show a few minor differences from the corresponding ELMOE cross-
sections. A group-by-group comparison of coarse group cross-sections for
these assemblies generated by ELMOE and by GRAVE-PRISM show a few
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significant differences. These differences appear to be explainable in terms of
small displacements in the locations and magnitudes of resonances in light
elements.

The neutron spectra for these ZPR-III assemblies show a peak near 400 key
(group 7 in the 35-group scheme). The two softest spectra (Assemblies 29 and
34) have dropped by a factor of 1000 in group 21 which has a lower energy of
275 ev. Contributions below this energy are negligible.

Measurement of spectral indices with various fission counters was reported
in Davey's article. The reported measurements were all relative to the Pu-239
fission rate. The experimental and CAESAR-calculated results for these fission
ratios are compared in Table 2. It is evident that agreement with experiment is
good in most cases although a few instances appear where a difference of about
10% is found.

TABLE 2

CENTRAL FISSION RATIOS RELATIVE TO Pu2 3 9 FISSION

______________Assembly No._________

Istoe29 31 34 36
Calc Exp Calc Exp Calc jExp Calc JExp

U23 3  1.438 1.39 1.335 1.29 1.430 1.36 1.320 1.23

U2 3 4  0.230 0.254 0.288 0.294 0.234 0.240 0.277 0.273

U23 5  0.907 0.943 0.843 0.847 0.902 0.935 0.835 0.840

U23 6  0.070 0.082 0.086 0.095 0.072 0.075 0.079 0.084

U2 3 8  0.035 0.036 0.043 0.040 0.035 0.034 0.039 0.037

Pu2 4 0  0.255 0.283 0.318 0.276 0.261 0.264 0.300 0.294

The central fission ratios shown in Table 2 can be used to form corresponding
fission ratios relative to each of the seven isotopes involved in the measurements.
Examination of the data expressed in this manner indicates that the U2 3 5 fission
cross-section is still about 2% too high, which is supported by the keff values
shown in Table 1. It is also found that the fission cross-sections for U2 33 appear
to be about 10% high, that for U2 3 6 about 5% low, and that for Pu2 3 9 possibly
about 3% high. Values for U2 3 8 and U2 3 4 fission cross-sections appear to be
fairly good although the evidence regarding Pu2 40 is inconclusive.

E. RESONANC E C ROSS-SEC TIONS

In cooperation with the cross-section analysis and application project, the
procedures for adding new isotopes to the ARES resonance parameter library in
the GRAVE-I code and the TRIXIE resonance parameter library in the GRAVE-Il
(GRISM) code were reviewed in preparation for the addition of new data to these
libraries.

The problem of calculating realistic dilute resonance integrals and effective
group cross-sections for fissionable isotopes using single level resonance theory
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is being studied. It is proposed to apply an empirical correction to the single
le vel r esult s by adding a suitable smooth bac kg round c aptur e and fi s sion c r oss -
section which produces agreement with measured values of dilute resonance
integrals and cross -sections. The current analysis involves the splitting of the
resonance region into several energy groups for which resonance integrals cal-
culated with the TRIX code and obtained from studies at Karlsruhe* are com-
pared with integrals over the measured fission and capture cross -sections. An
extensive analysis for U2 3 5 is nearing completion and some of the results ob-
tained to date are presented in Tables 3 and 4.

TABLE 3

CALCULATED FISSION AND CAPTURE RESONANCE
INTEGRALS FOR U2 3 5

Fi ssion C ap tur e

Energy Range TRIX Karlsruhe TRIX Karlsruhe
(barns) (barns) (barns) (barns)

0.5 to 105 238.7 265.7 185.3 169.4

1.0 to 105 199.0 223.2 178.4 163.0

60.0 to 105 66.5 67.6 38.6 32.6

0.5 to 105 241.9 268.7 185.9 171.4

MEASURED FISSION

TABLE 4

AND CAPTURE RESONANCE INTEGRALS
(Cutoff Energy is 0.5 ev)

FOR U2 3 5

Experimenter Reference bRfs R(baps

E. Hellstrand AE-181 (1965) 278 9-

J. Hardy et al. NSE 9, 341 (1961) 274 11-

Baamann DP-817 (1963) 276 9-

E. D. Clayton AECD-4167 (1955) 269 25-

C. B. Bigham EANDC-211 (1964) 263 8-

F. Feiner et al. Trans. ANS 7, 78 (1964) 292 18 140 10

H. D. Conway et al. Trans. ANS 7, 78 (1964) 288 * 18 158 10

The sensitivity of the calculated dilute resonance integral of Pu2 3 9 to the
cadmium cutoff energy (about 0.5 ev) was investigated. The large Pu2 3 9 reso-
nance at 0.3 ev makes a large contribution to the resonance integral, and the
value calculated is sensitive to the choice of the cutoff energy. Since the

*J. J. Schmidt, A EC -E NEA Semina r on the Evaluation of Neutr on C ros s-Se ction
Data at Brookhaven, N. Y. (May 1965)
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Doppler width for this resonance is small compared with its natural width, the
use of the natural line shape to calculate the dependence of the resonance integral
on the cutoff energy introduces only a few percent error in the result. By using
the natural line shape, the contribution of the 0.3 ev resonance to the fission
resonance integral over the energy interval from 0.45 ev to 0.50 ev was found
to be 44 barns. (The corresponding quantity for U2 35 is given by J. J. Schmidt
of Karlsruhe as 9.4 barns. ) The experimental value for the Pu2 3 9 fission reso-
nance integral above a cutoff energy of 0.5 ev is quoted as about 327 22 barns.
It is evident that comparison between the experimental and calculated resonance
integral values for Pu2 3 9 is strongly dependent on careful evaluation of the cut-
off energy of the experiment. In particular; use of the experimental resonance
integral value to assess the accuracy of the calculated contribution of resonances
located above the cutoff energy appears to be difficult. The use of high resolu-
tion measurements of point values of the cross-section may be more reliable for
this purpose unless a very accurate determination of the effective cutoff energy
of the resonance experiment can be made.

The investigation of resonance overlap and its effect on the formation of flux
weighted multigroup cross -sections and on the Doppler coefficient was continued.
A review of the literature was finished and a memorandum prepared summarizing
the results and conclusions.

Of the documents examined, the one by Graves is the only one which gives
material in a form immediately usable to calculate cross-sections with overlap
effects included. Various graphs giving data for calculating correction factors
for overlap and statistical distributions are presented. The results are based
on analytic approximations to the effective resonance integral rather than on
numerical methods for solving the neutron slowing down equation.

Sample calculations for a typical U2 3 8 - Pu2 3 9 mixture were made by using
Graves' method. The results indicate that the effective cross-sections and the
Doppler reactivity coefficients are somewhat dependent on corrections for level
width distributions, le vel sp acing distribution, c orr e cting th e p otential s catter -
ing cross-section to the average total cross-section, and dividing the effective
resonance integral by the actual group integrated flux rather than a l/E flux.
The significant corrections usually range from about 5 to 1 5 %o. It also appears
that the assumption of isolated resonances is a reasonably good- approximation
for calculating these correction factors for a wide range of fast reactor cores.
However, obtaining highly accurate results will require further development
in the methods for taking resonance overlap effects into account.

F. ARGONNE CROSS-SEC TION COMPARISON STUDY

A report, NAA-SR-TDR-11517, describing the methods used and giving the
results of the analysis of the fast-reactor assemblies for the Argonne compari-
son study was written. The study analyzed most of the fast-reactor configurations
suggested by ANL. The analysis was based on 15-group diffusion theory calcu-
lations having an energy structure the same as that used in calculations for the
split-blanket modular c onc ept. t

*C. C. Graves, "General Methods for the Evaluation of Effective Cross-Sections
Used in Doppler Effect Calculations for Fast Reactors, " UNC -5064 (Mvay 1964)

tD. T. Eggen et al, "Feasibility Study of a Sodium-Cooled Coupled Reactor,"
NAA-SR- 11378
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In order to compare the results of 15-group and 35-group calculations, as-
sembly A-3 was selected for further analysis. The ELMOE spectrum was used
in GRAVE and PRISM to produce 15-group and 35-group libraries for this as-
sembly. Self-shielded U238, and Pu439 , and PuZ4O cross -sections were gener -
ated for each library by the TRIX code. Work on this study has been suspended
for the present.

G. FAST REAC TOR SAFE TY

Safety analyses completed for the sodium-cooled fast-reactor feasibility
study' are being reviewed to determine those areas in which improved analytical
methods are wanted. The reactor kinetics and nuclear transients are compli-
cated by the interaction between modules of the core. When methods of evaluating
these interactions are developed, the reactor behavior will be calculated for
transients caused by disturbances in one or several modules. The previous
treatment of delayed neutrons can be improved by considering more delayed
groups.

Details of the maximum hypothetical accident may be modified as information
on fuel meltdown in sodium is obtained from the transient heating studies being
conducted in TREAT by AI. Specific mechanisms which lead to the explosive
energy release of the maximum hypothetical accident will be evaluated to assure
that they provide realistic estimates of the consequences of this accident.

IV. EVALUATION OF EFFORT TO DATE

The need for improved neutron cross-section libraries for fast-reactor cal-
culations is being met. Improvement is being made in the tools for calculating
fast-neutron spectra and Doppler coefficients. These improvements will contrib-
ute toward the reliability of calculated reactivity coefficients. The mechanics
of producing multigroup, spectrum-weighted, cross -section libraries is being
streamlined. When completed, this will result in a considerable reduction in
the time and labor involved in making neutronic calculations.

The analysis of critical as semblies, fission ratios, and resonance integral
data is uncovering certain areas where improved basic cross-section data is
needed. Much remains to be done in this area, along with acquiring and evalu-
ating new measurements of cross-sections and resonance parameters.

V. NEXT REPORT PERIOD ACTIVITIES

The CAESAR-IV code will be finished. Analysis of the ZPR-III critical as-
semblies will be continued, including the calculation of neutron generation time
and central reactivity coefficients. Evaluation of cross-section data for fission-
able isotopes will be continued.

This project was terminated. The activities may be continued under the
Reactor Physics Program.

a'. c. cit.
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I. PROJECT OBJECTIVES

The general objectives of this project are to supply information pertinent to
the safety and economic studies of fast-reactor systems and to confirm calcula-
tional methods and parameters used in preliminary design. The specific objec-
tives of this project include the study of Doppler effects for specific fuel geome-
tries, sodium void effects, and the interaction between the two in reactor spectra
r esulting f rom c or e c omp os itions of inte r est. Be caus e limit ed info rmation is
available on Doppler coefficients for specific fuel geometries, considerable effort
must be spent in experimental studies. Information on sodium void effects will
be obtained including the interaction in fast spectra of the Doppler and sodium
void effects. Physics measurements will be made for a variety of materials,
composition, and spectra utilized in fast-reactors, particularly sodium because
of its large volumaetric fraction in fast-reactor cores. The spectral effects and
energy and spatial distributions resulting from the use of these materials will be
determined and compared with theoretical predictions. Liaison with other labor -
atories will continue so that a rapid and useful exchange of information can be
maintained.

II. MAJOR ACCOMPLISHMENTS IN FISCAL YEAR 1966

Calculations have been made for loadings of the ECEL core required to per -
form measurements of the sodium void coefficient. The test region of the core
contained 50 vol 7o sodium, 15 vol %o stainless steel, and 25 vol %0 uranium with
a U2 3 8 to U2 3 5 atom ratio of 8:1, and 10%0 nickel and aluminum cladding and/or
structure. Calculations were made for full sodium voiding and for 50%0 sodium
voiding. These indicated that the reactivity changes expected could be comnpen-
sated for by rod positioning alone.

III. PROGRESS DURING REPORT PERIOD

The initial calculations for the sodium void measurements were made, using
CAESAR II, with a cross -section set equivalent to that used in calculating the
present ECEL core so that a direct comparison could be made. For a test
region of 30.18 cm radius and a driver increased over the present core by 1 cm,
the following values of keff were obtained:

k
e ff

Sodium pre sent (50 vol %0) 0.99 15

Sodium 1/2 voided 0.9938

Sodium fully voided 0.9960

NAA-SR-l11650
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A second round of calculations used an improved cross -section set with the
absorption cross sections of all the fertile and fissile elements (U2 38 , Th2 32 ,
and U L35) and the fission cross -section of U2 3 5 shielded in the resonance reg-
ions (groups 6-14 for 18 group calculations) using the TRIX code. The cross
sections were determined by using the narrow resonance approximation. The
interference between resonance and potential scattering was excluded in U2 3 5

and included in U2 38 . The unresolved resonance contributions were found using
the narrow resonance approximation for the i = o and i = 1 neutrons excluding
interference.

Values of keff using this latter cross-section set are given below for the fol-
lowing cases: (A) identical-core to previous -calculation, and (B) driver region
is increased only 0.6 cm over presently loaded reactor.

(A) (B)

Sodium present (50 vol %) 1.0278 1.0036

Sodium 1/2 voided 1.0286 1.0055

Sodium fully voided 1.03 03 1.0075

Stainless steel boxes for sodium containment are now being produced. The
boxes are 2 in. by 2 in. by 1/2 in. with 15-mil walls and are being deep drawn
to eliminate welding of bottoms on the 5000 boxes. The initial shipment of the
boxes was found to be out of tolerance and are now being reworked.

IV. EVALUATION OF EFFORT TO DATE

Calculations indicate that the sodium void measurements in the present test
region can be made with a minimum modification to the present driver and buf-
fer region of the ECEL critical assembly.

Some delay has been experienced in preparation of the canned sodium due to
rework required on the stainless steel boxes. It is apparent that a deep draw
box of the required wall thickness is a more complex problem than the vendor
had anticipated.

V. NEXT REPORT PERIOD ACTIVITIES

An improved set of calculations will be made by using the 35 groups allowed
in CAESAR IV. The 35-group cross -section set will be generated by use of the
TRIX, ELMOE, and GRAVE-PRISM series of codes. The stainless steel cans
will be procured and filled with sodium.

This project was terminated. The activities may be continued under the
Reactor Physics Program.

NAA-SR- 11650
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Program: Fast Reactor Development

Project: Boiling Studies for Sodium Reactor Safety

Project Engineer: A. A. Jarrett

Reporting Period: July-September 1965 AEC Category: 04-01-04-19

General Order: 7661 Subaccount: 1341

I. PROJECT OBJECTIVES

The general objective of this project is to develop information on two-phase
flow required in the safety evaluation of sodium-cooled reactors. This infor -
mation is important because of the key role that sodium boiling plays in reactor
dynamics, in fuel meltdown accidents, and in the ultimate shutdown mechanism
of the reactor. Specific experimental objectives include the measurement of
boiling heat transfer characteristics, critical heat flux, two-phase pressure
drop, void fractions, transient voids and pressures, and the study of hydrody-
namic instabilities. Specific objectives of the theoretical study, in addition to
any analyses required to support the experimental work, are the development of
a digital computer code which will predict transient void fractions, flow rate,
and heat transfer for single and multichannel sodium flow, and the incorporation
of this code into a general reactor kinetics code.

II. MAJOR ACCOMPLISHMENTS IN FISCAL YEAR 1966

A topical report ''Steady State Sodium Boiling and Hydrodynamics,"' NAA-SR-
11586, has been completed.

III. PROGRESS DURING REPORT PERIOD

A new high-temperature heater for the 6-ft test section was designed, built,
and installed in the two-phase sodium loop. Repeated difficulties with the pre -
viously installed graphite heater necessitated this change. The 1oop had been
redesigned and modified in preparation for the study of hydrodynamic instabili-
ties and transient flow due to boiling. The new 1oop contains the 6-ft annular
(1/4-in, by 1/2-in. ) test section uniformly heated along its length. Valves at
the inlet and outlet of the test section enable simulation of variable orifices, and
a surge tank in parallel with the test section permits boiling instabilities and
transients to be induced.

The original design called for heat to be generated along 4-1/2 ft of the test
section (maximum heat flux of 200,000 Btu/hr -ft 2 ) by using graphite cloth as a
resistance heater insulated from the test section by a thin sprayed-on layer of
aluminum oxide. Repeated difficulty with this type heater, however, necessi-
tated the above mentioned change. The new heater is a clam-shell type with
nichrome heating elements to be used in the low-power, low-temperature range.
To obtain the maximum heat fluxes required, a high-temperature heater is
needed and tantalum heating elements will be used. To prevent oxidation of the
heating elements at these high temperatures, especially with tantalum, a pure -
argon purge will be maintained on the furnace at all time s.

NAA-SR- -11650
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The heat loss calibrations have been repeated and tests for two-phase pres-
sure drop with uniform heating along the test section have been initiated.

In addition to the experimental work covered above, the second phase of the
digital computer code TRANS-FUGUE has been initiated. In the first phase of
the code, TRANS-FUGUE -I,'' the classical equations of continuity, momentum,
and energy were solved for two-phase flow by using the momentum integral tech-
nique and solving the equations sequentially; i. e. , the equations were solved in
sequence for each time interval.

In the new method of solution, TRANS-FUGUE -II, the momentum integral
model is replaced by a sectionalized compressible model. The basic equations
are first converted to explicit relations for the time derivatives of the enthalpy,
pressure, and mass flow rate, and these equations are then solved simultane-
ously. This solution is expected to give greater numerical stability than TRANS-
FUGUE -I in the type of transients studied in fast-reactor safety analyses. To
enable larger time increments to be used and maintain the numerical stability,
higher order integrations will be incorporated into the code to replace the simp-
ler numerical techniques of the previous code.

The topical report "Steady State Sodium Boiling and Hydrodynamics, " NAA-
SR-11586 was completed and is being prepared for publication. This report is
a final comprehensive summary of the steady state heat transfer and hydrody-
namics studies of sodium under forced 'convection flow.

A paper, "The Development and Growth of In-Core Voids Due to Boiling Dur-
ing Fast Reactor Transients" was prepared for the International Conference on
Safety, Fuels, and Core Design in Large Fast Power Reactors. A second paper,
"Sodium Boiling Heat Transfer and Hydrodynamics" was presented at the Con-
ference on Application of High Temperature Instrumentation to Liquid-Metal Ex-
periments held at Argonne National Laboratory. An abstract of a third paper
"Sodium Boiling Heat Transfer, " was accepted by the Conference Committee of
the Third International Heat Transfer Conference, Chicago, August 1966.

IV. EVALUATION OF EFFORT TO DATE

Progress on the experimental phase of this project has not been as rapid as
anticipated due to the heater problems outlined above. The difficulties are
being overcome, however, and operation of the loop and the experiments is
imminent.

On the other hand, considerable progress has been made on the digital cone
TRANS-FUGUE. It is anticipated that the new method of solution of the equa-
tions of motion will greatly improve the stability of the calculation and the accu-
racy required for fast-reactor safety analyses.

V. NEXT REPORT PERIOD ACTIVITIES

The study of the two-phase steady-state pressure drop with uniform heating
along the test section will be completed. These results are required for the
analysis of the transient flow experiments. Following these tests, the "check
curves, " or the inception of instability, will be determined for the annular test
section under study. Development of TRANS-FUGUE -Il will continue.

*R. C. Noye s, J. G. Morgan, and H. H. Cappel, "TRANS-FUGUE-I" A Digital
Code for Transient Two-Phase Flow and Heat Transfer, NAA-SR-11008, July
1965
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I. PROJECT OBJECTIVES

The objective of this project is to experimentally examine the events which
occur under various conditions of nuclear transient heating of typical sodiuma-
cooled, fast reactor fuel element configurations, and from such studies to
develop the foundation upon which to base the understanding of fast-core behavior
during power transients. Emphasis will be placed on the characterization and
gene ralization of the phe nomenon of fuel dis pe rsion note d during a p rio r T REA T
meltdown experiment.

II. MAJOR ACCOMPLISHMENTS IN FISCAL YEAR 1966

Planning for Phase -III experiments and capsule design have been completed.
Modifications to the analog computer program for analysis of the transient ther-
mal behavior of the TREAT capsules have been extended to include phase change
effects which played an important role in the Phase-II tests. These improve-
maents assist considerabley in understanding the course of events during the
severe transients leading to fuel dispersion observed in Phase II.*

III. PROGRESS DURING REPORT PERIOD

A. PHASE-Ill EXPERIMENT PLANNING

Planning of the Phase -Ill experiments was initiated and the design of the
Pha s e-Ill c ap sule s w as c omplet ed. F abric at ion of c omponents f or mo cking -up
certain complex phases of the capsule assembly was initiated and purchase
orders for long-lead time components were placed.

A drawing of the Phase-Ill capsule is shown in Figure 1. It consists of a
5/16-inch diameter fuel pin which is 12 inches long. The pin is surrounded by
stagnant coolant and a graphite heat sink and crucible. Because of the consid-
erable importance to the fast-reactor safety program in the dispersion of fuel
noted in the Phase-Il meltdown of a sodium bonded UC fuel rod, the Phase-Ill
capsules will be used to examine the behavior of unbonded (gas bonded), sintered
uranium carbide and uranium oxide under similar conditons. These capsules
will be even more highly instrumented than the Phase-II capsules in spite of
the smaller diameter pin which is being examined. The additional effort for
extensive instrumentation is considered worthwhile on the basis of experience
with pr eceding capsules as noted in the following analysis.

*See FY 1965 Annual Technical Progress Report, NAA-SR-11450.
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Energy release calculations (capsule energy relative to TREAT) for several
fuel enrichments have been made for the Phase-III capsule design. A final
choice of the required enrichment must await completion of the thermal analysis
currently in progress.

B. ANALY TICA L DE VE LOPME NT

The analog computer model which was being used for analysis of the thermal
behavior of the T REAT capsule s included

(i. MNIN provisions for latent heat of fuel melting

o0 o and adjustments in bond conductivity on
roboiling. However, it was noted in T ran-

-0.05943 r0-1  sient 4 (Phase II) that bond boiling was
URANIUM h- 0.11886 r1  accompanied by ve ry constant bond tem-
CARBIDE -0.17829 r perature which was not simulated by the

(UC) 1-2 thermal model as originally devised. Con-
0- 0.23772 r2  sequently, adjustments were made to the

FUEL 0.2715 r23 conductivity and heat capacity of the bond
3- 0.35658 rg to permit the boiling simulation. Figure 2

indicates the node positions used in Figures
-0.4160 r34 3 through 6. Figure 3 shows the results

4- 0.4185 r4 with the improved model; the bond property
-0.4210 r4g changes were made primarily within the

5* 04235region between Nodes 6 and 7, so that these
temperatures show the temperature differ-

-0.4260 r56 ence across the entire bond region rather
SODIUM r- 6 - 0.4335 r6  than between the midpoints of the region.

(Na) BN - .40r Comparison of these results with those of
BOND 0.441 the old model (Figure 4) shows that in the

7- 0.4485 r7  new model the central and midradius tem-
-0.4560 r7~8  peratures are brought more closely to-

STELE8S0410S gether; the bond temperature (Node 7)SES)-0460 levels off; the coolant temperature (Node 9)
()CLAD -0.4660 r8-9 reache s about 1500 *F; and the fuel tempera-

9-, 0.4710 rg tures drops more slowly and reaching
0.460 910 2500*F in about 35 seconds. In all of these

SODIUM 10-1-0.47620 r~ c ases, the new model agrees more closely
(NAa10)0.132 with the experimental data.

COOLANT 0.5505 ri0-ii

11A- 11. 0.58775 rThe application of the new model to
Transient 2 (Phase II) showed (Figure 5)- -0.625 r11-12  that melting of the edge of the fuel was

GRAHIT I12A- 12- 0.81875 r2 likely to occur at about the time the TREAT

HEAT SINK - -1.0125 '12-13 burst terminated (t = 1 to 1.5 seconds).
Since this still left some uncertainty regard-13A- 13- L.2625 '13 ing the cause of the delay before cladding

S 1.40 rT failure, provisions were made to revert
-- L L back to the original thermal properties at

3 one second in orde r to simulate the collapse
766 1-2527 of the fuel into the cladding, thus over-

Figre . odePoitins c oming the la rge re sistanc e of the vapo r
For Figures 3 Through 6 gap.
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Predicted Thermal Behavior (Improved Nodes)

Slow Transient

Figure 6 presents the results of this analysis and shows that a few tenths of a
second might be required to bring the relatively cold cladding to its melting
point (2500 *F). An additional few tenths of a second would be required to com-
pletely melt the cladding.

The coolant thermal data show a substantial temperature rise between 1.5 and
2 seconds, resembling the rise in the predicted behavior between 1 and 1.5 sec -
ond s (due to s imulat ed fuel c lad c onta ct ). This implie s tha t fuel-c lad c ont ac t
occurred at approximately 1.5 seconds and that edge rre lting and sagging of the
fuel was completed at that time.

C. PUBLICATIONS

A paper was completed for the International Fast-Reactor Conference at
Argonne National Laboratory entitled, ''The Application of Experimental Data
from TREAT Meltdown Studies to Reactor Accident Analysis."' A summary
paper of the T REAT program on uranium carbide transient heating experiments
is in preparation.
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Figure 4. Comparison of Thermal Behavior With or Without
Bond Boiling

IV. EVALUATION OF EFFORT TO DATE

All of the necessary groundwork, in terms of planning and design for the
Phase-Ill experiments, has been completed. Fabrication of the capsules is in
the initial stages. Improvements to the analog program for predicting the ther-
mal behavior of the capsules have provided additional understanding of the
Phase-II results regarding the mechanisms of fuel dispersion.

V. NE XT R EPOR T PE RIOD AC TIVITIES

This project was terminated.
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Figure 5. Application of Improved Model to Rapid T ransient
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Figure 6. Thermal Behavior Incorporating Simulation of Fuel Collapse
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Program: Fast Reactor Development

Project: Carbide Fuel Material Development

Project Engineer: B. R. Hayward

Reporting Period: July-September 1965 AEC Category: 04-01-04-19

General Order: 7661 Subaccount: 1921

I. PROJECT OBJECTIVES

The objectives of this project are: (a) to perform an evaluation of published
data on the fast-reactor irradiation behavior of uranium-plutonium carbide and
uranium-plutonium oxide fuel materials; (b) to perform an evaluation of thermo-
physical and mechanical properties of U -Pu-C system materials and to deter-
mine the feasibility of performing property measurements on samples in this
material system; (c) to identify the materials properties which require further
investigation and suggest methods for determining these properties; (d) to define
procedures to be used in the chemical analysis of plutonium-containing mate-
rials for carbon, oxygen, nitrogen, and/or plutonium; and (e) to define the re-
quired procedures and physical constants for determining burnup in U -Pu fuels.

II. PROGRESS DURING REPOR T PERIOD

A. FUEL MATERIALS EVALUATION

An evaluation of the available irradiation data on uranium and uranium-
plutonium carbide fuels was completed. Areas of uncertainty exist in the ex-
perimental thermal histories and in the burnup analyses for plutonium-containing
fuels. In summary, it was concluded that there are essentially no published
data on mixed carbides irradiated in a fast flux. These data are being generated
at present in the USSR BR-5 reactor and in the UKAEA Dounreay Fast Reactor.
The only operating fast-flux test facility in the U. S. is the EBR-II at NRTS,
Idaho, and it has minimal test volume (~3 ft3) with no provision for any experi-
ment instrumentation. With major problem areas existing in the definition of
flux energy spectra in the U.S. test reactors and in capture-to-fission cross-
section ratios as a function of neutron-energy for Pu and U isotopes, the need
for instrumented experiments to develop reliable fast-reactor materials irradi-
ation data is critical. There are no facilities in the U. S., existing or planned
in the next three years, which can satisfy this need.

In addition to the search of the literature on mixed carbide fuel materials
behavior, the results of a literature~,survey on mixed oxide fuel materials were
published as NAA-SR-Memo-11465.

B. REVIEW OF FUEL PROPERTIES

A review of the thermophysical properties of the uranium-plutonium-carbon
system was completed during the quarter. Data available on the U-Pu-C system

*R. D. Hahn, P. 5. Olson, and S. Strausberg, "U-Pu Oxide Fast Reactor Fuel
Technology, " NAA -SR -Memo-11465
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were on thermal conductivity, electrical resistivity, thermal expansion, and
volatility. No data are available on thermal diffusivity and heat capacity. The
available data are sporadic and a need is indicated for substantial experimienta-
tion. Specifically, the available data are limited to low temperatures, narrow
composition, high density, and narrow impurity range. All of these variables
can cause large variations in thermal conductivity. The highly successful
laser pulse technique used on UC would be used for the mixed carbides.

The possibility of operating a relatively simple and inexpensive facility for
obtaining thermal properties (thermal diffusivity, heat capacity, and electrical
resistivity) of the U-Pu-C system is being evaluated. The problems associated
with the toxicity of plutonium do not appear to be overwhelming. A safe experi-
mental setup appears to be easily obtainable due to the very small quantities of
Pu needed for the measurement and the methods of handling contained material.

The general feasibility of property determinations in a glovebox facility at
Atomics International's headquarters facility was considered and evaluated by
Radiation Engineering (AI) and detailed experimental procedures were prescribed.

Two reports were completed during this report period: ''Thermophysical
Properties of the (U, Pu)C System,"' NAA -SR -TDR -11659, by M. Nakata, and
''Proposed Research of the Thermophysical Properties of (U, Pu)C Systems,"'
NAA-SR-TDR-11660, by M. Nakata.

Data on the mechanical properties for (U -Pu)C fuels were found to be prac-
tically nonexistent. There was a range of room temperature compressive
strength and hot hardness values for 25, 500, and 900* C.'' These data were for
fuel materials of essentially the same composition. Data on the variation in
properties, as a function of composition, were not found.

The measurements for hot hardness and elastic properties (Young's modulus,
shear modulus, and Poisson's ratio) seem feasible for testing at AI in FY 1966.
A sample 1/2-in. -diameter and 1/4-in. -thick (11 grams) could be used for both
measurements. The elastic properties could be measured to 8000*C with the
pulse -echo (sonic) technique. This measurement would depend on the grain
size of the sample s which is reported to be in the appropriate range, and on the
density which must be 98% or higher. The hot hardness could be measured to
10000*C independent of the sample properties, but is most meaningful in samples
of low porosity. The measurements are possible on samples with no metallic
second phase. Because of the appreciable vapor pressure of Pu in the metallic
phase, the temperature limitation would be considerably lower for substoichio-
metric samples. If the microscope used to measure the hardness indents is
equipped with a hot stage, phase transformations, recrystallization and precipi-
tation could also be observed to about 8000*C.

C. IDENTIFICATION OF AREAS REQUIRING STUDY

A review and evaluation of physical-chemical properties of PuC and mixed
carbides was completed and a progress report issued as TDR-11506.t The

':Paper 154 - 1964 Geneva Conference
tG. Ervin, Jr., and A. K. Smalley, ''Materials Problems Relative to the Use ofPltnu CopndasFesiFstBeerRcos-ALeaueR-

view and Evaluation,"' NAA -SR -T DR-11506 (July 2 1, 1965)
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general conclusion reached is that much of the important information needed to
make effective use of uranium-plutonium mixed carbides as fuels is still un-
known, and that research is needed in most areas. Particular areas of critical
need are: (1) high temperature phase equilibria in the U-Pu-C system, (2) ef-
fects of oxygen and nitrogen on the phase equilibria together with kinetics of
high temperature reaction of (U, Pu)C with low partial pressures of oxygen and
nitrogen, and (3) volatility of (U, Pu)C. The effects of oxygen and nitrogen need
to be better understood to remove uncertainties about both phase equilibria and
volatility. Experimental research is in progress on the U-C system and on
oxygen-UC interactions; this work is a necessary preliminary to work with U-
Pu-C. In order to perform experiments in which effects of oxygen and nitrogen
are known and controlled, ion-pumped systems are being installed for vacuum
atmospheres, and inert gas atmospheres are being purified to the 1 ppm impur -
ity (oxygen, nitrogen, and water vapor) range. Monitoring of the impurity con-
tent by gas chromatography and other methods to measure less than 1 ppm of
these gases is planned.

The effects of low partial pressures of oxygen on UC are under study. A re-
port of preliminary results has been accepted for publication in Acta Metallur -
gica. This report shows that at l0-4 torr oxygen pressure, oxidation of UC is
rapid at 900 to 10000*C, forming epitaxial layers of UC2 and U02 on the surface;
but at 18000*C at the same pressure, rapid loss of uranium and carbon occur and
there is no surface coating produced. Work in progress is expected to ascer-
tain the pressure and temperature limits for these radically different types of
behavior, as well as the conditions under which oxygen solution and other changes
in the UC lattice occur.

D. ANALYSIS OF ANALYTICAL CHEMISTRY PROCEDURES

Based on the information available, most of which is derived from metal or
mixed oxide work (only AERE reports deal specifically with PuC), the following
procedures are considered most applicable to the requirements of the Fast-
Reactor Program.

1) Carbon
A combustion procedure utilizing a thermal conductivity detector as a

readout (now in use for uranium carbide) reported and evaluated by Larsen
and Glass,'' is deemed to be adequate. Such a technique can be made compat-
ible with glove -box operation and is applicable to both irradiated and unirradi-
ated material.

2) Oxygen
Either vacuum fusion or inert gas fusion is applicable to glove-box op-

eration. The latter would be preferable from a maintenance -of-equipment
standpoint and should be investigated to remove the inconsistencies in oper-
ation observed in its application to UC analysis.

3) Hydrogen
Vacuum extraction, as currently used, is applicable to this determina-

tion. Simultaneous determination with oxygen may be possible and should be
investigated using gas chromatographic readout with inert gas fusion.

*C. M. Larsen and D. N. Glass, "Evaluation of the Combustion-Thermal Con-
ductivity Technique for the Determination of Carbon in Uranium Carbide,"
NAA-SR-TDR-l 1495
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4) Nitrogen
Kjeldahl distillation into boric acid and titration of the collector with

strong acid is applicable to glove box operation and, if required, can be
adapted for irradiated material.

5) Plutonium
Several different analytical methods for the determination of plutonium

should be verified and evaluated for glove-box or shielded remote operation.
a) Spectrophotometric

Plutonium is separated by solvent extraction with tetrapropyl-
ammonium nitrate and methyl isobutyl ketone. Its absorption spectrum is
observed spectrophotometrically. This technique is useful for unirradiated
plutonium. However, irradiated fuel would necessitate setting up a remote
extraction operation. It can be used on mixed uranium-plutonium matrices.

b) Coulometric
Controlled potential coulometry should be ideally suited to glove -

box operation and/or remote shielded analysis. According to the literature,
analysis for both U and Pu can be accomplished by this technique. This tech-
nique should be further investigated and evaluated as the first choice of method.

c) Volumetric
A conventional redox titration of separated plutonium is appli-

cable to unirradiated fuel and with suitable modification could apply to irradi-
ated fuel. This technique requires a separation of plutonium from uranium,
iron, molybdenum, and similar interferants.

ci) Polarographic
Utilization of characteristic half-wave potentials may enable the

analysis for plutonium in the presence of uranium. This technique, reported
in 1957, from LASL, has not received wide acceptance and therefore may not
be as tempting as the literature indicates.

E. ANALYSIS OF BURNUP MEASUREMENT TECHNIQUES

Plutonium burnup requirements fall into two categories: (1) facility require -
ments, and (2) technical requirements. This discussion will deal only with the
latter category, although the former must be dealt with early in the time scale.

There is, as yet, no well agreed upon technique for the determination of
burnup in mixed fissile -element fuels. Those under active consideration which

require careful evaluation before making a choice (1) to determine the yield of
one or several fission product nuclides, either stable or radioactive, or (2)
measure the isotopic distribution of the heavy elements.

1. Fission Product Determination

Several fission products, e. g., Te9 9, La'39 , Nd14 8 , etc, have nearly the
same yield for the fission of U2 35 , U2 38 , and PuZ39. If these yields are inde -
pendent of the energy range over which the fast reactor operates (requires ver-
ification); then, measurement of the fission products provides an indication of
the number of fissions which have occurred. The three fission product nuclides
mentioned above are long -lived or stable and require nonradiochemical measure -
ment techniques. Argonne proposes spectrophotometric determination of tech-
netium. G. E. Vallecitos proposes isotope dilution mass spectrometric analy-
sis for neodynium. The latter is also an approach for the lanthanum determina-
tion requiring lanthanum spike-enriched in La1 3 8 .
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The basic requirements of this technique are: (1) an accurate knowledge of
the fission yields from U and Pu; (2) independence of fission yield with neutron
spectrum or the known function with respect to energy; (3) knowledge of the cap-
ture cross -section of the fission product species for high flux, long -time expo-
sures for estimating the "disappearance fraction;"1 and (4) as in-pile times be-
come longer, the contributions from heavier fissile species must be considered;
hence, the knowledge of these fission yields is required. A compilation of fis -
sion yields and energy dependence, where documented, is in process.

2. Heavy Element Mass Spectrometry

This technique involves a determination of the isotopic distribution of the
heavy elements and a ratio of one of the isotopes to an isotope of the original
material. This technique requires a knowledge of a, the capture-to-fission
ratio, and its energy dependence for the fissile elements. The neutron spectral
distribution likewise must be known.

Both preirradiation and postirradiation heavy element isotopic distribution
are required. Present techniques for the separation of U -Pu are adequately
documented in the literature. Calculational details have not as yet been formu-
lated nor has an error analysis been undertaken.

III. EVALUATION OF EFFORT TO DATE

The reviews and evaluations of the out-of-pile and irradiated properties of
the mixed U-Pu carbides indicate a general lack of well-defined data. Although
some specimens of U-Pu-C have been irradiated to over 100,000 Mwd/MT, the
resultant data is limited to scoping value. It is apparent that an extensive mate-
rials development program is required for both out-of-pile and irradiated mate -
rial properties. Due to the large volume increases resulting from the high
burnup, this development program is affected by basic materials design criteria
such as the retention or release of fission gases, volatile fission products, phase
equilibria, and the original density of the fuel. It is important to note that much
of the data currently being developed within the US and in the UKAEA are at rel-
atively low specific power, ~ 100 to 125 w/g, whereas the economic evaluations
indicate specific powers of 200 to 400 w/g are required. Thus, data obtained at
low specific power must be carefully analyzed and evaluated for extrapolation to
high specific power. One of the major properties requiring immediate attention
is thermal conductivity. A substantial continued effort is also required on ir-
radiation tests with the primary effort to evaluate the relationship of composi-
tion, density, and impuritie s with dimensioned change s, temperature, burnup,
and fission gas release. This fuel materials data must coordinate with the fuel
rod system requirements and the fuel fabrication methods development. The
supporting analytical techniques that are required to prepare specimens and
evaluate results should continue to receive attention.

IV. NEXT REPORT PERIOD ACTIVITIES

This project was terminated.
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I. PROJECT OBJECTIVES

The purpose of this project is to develop economical fuel processing methods
for the reliable synthesis and fabrication of carbide fuels, within specifications
required for high-performance, fast-reactor systems. The primary objective
of this project is to evaluate the capability of existing and potential processes,
and to demonstrate the reliability of those processes which prove optimum for
the fabrication of mixed (U, Pu)C fuels.

II. MAJOR ACCOMPLISHMENTS IN FISCAL YEAR 1966

A report has been prepared summarizing the status of existing technology for
the preparation and fabrication of solid-solution mixed carbide s (U and Pu) to
fast-reactor fuel sizes.

A preliminary experimental work has been carried out to evaluate potential
problems of plutonium evaporation during fuel processing operations.

The feasibility of casting carbides to fast-reactor fuel pin size, 0.25 and
0.19-in. dia. , in approximately 6-in, lengths has been demonstrated.

III. PROGRESS DURING REPORT PERIOD

A detailed report was completed that evaluates potential problem areas in the
fabrication of mixed carbides for fast-reactor use, current practices and poten-
tial methods were analyzed. Experimental activity was initiated in fabrication
techniques considered most promising for (U, Pu)C fuels; namely; (1) synthesis
f rom the mixe d oxide s, (2) c ons olidation by c old -pre ss and s int er t echniques ,
(3) arc -melting and casting and (4) vibratory compaction. The chief problem
areas appear to be potential vaporization losses of plutonium during processing
and the feasibility of casting carbides to fast reactor fuel pin sizes.

Considerable information on losses of Pu and phase structure of sintered
pellets was obtained unde r subcontract by UNC (at Pawling, N. Y. ), to an experi-
mental program initiated at Al. A terminal report (UNC-5 126) was recently
issued. The data are summarized in Tables 1 and 2. Solid solution (U, Pu)C
with an intended Pu/U ratio of 0.25 was synthesized by the reaction of U02 ,
PuO , and carbon in vacuum at 1550 and 1650*0 C, and in helium (1/2 atm)2at
16504 C. Carbon c ontents for the c arbide "c linke rs " we re ne ar the stoichio -
metric value of 4.80 wt % C. Losses of Pu during synthesis we re essentially

~5.0% for the 1650*C vacuum (3 x l0-4 Torr) runs. Oxygen contents were
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~2300 and 4400 ppm for the carbide products synthesized at 165000 under vacuum
o r helium, re spe ctive ly. Oxygen c ontent s fo r the 155000 run w ere not dete r-
mined.

The (U, Pu)C "clinkers" were comminuted by ball milling and the powders
were cold pressed to 0.220-in. dia. compacts and sintered with and without
nickel sintering aid (0.2 wt % Ni). Sintering conditions were 159000 in helium
or 19500 C under vacuum. Plutonium losses at 159000 ranged from zero to 3.1%
and at 19500*C they were 1.6 to 5.2%. The pellets sintered at 159000 with nickel
were of high density, 12.7 to 13.0 gm/cm 3 ; the pellet sintered at 1590*C without
nickel was of low density. The pellets sinte red at 1950*C without sintering aid
were of high density (12.5 to 12.7 gm/cm3 ). Sintering at 159000 in commercial
high purity helium resulted in negligible changes of carbon content with oxygen
values increasing from ~2300 to 6800 ppm. Vacuum sintering at 195000 reduced
carbon contents to ~.4.50% and oxygen levels from ~4400 to ~2300 ppm. The
microstructure of all pellets showed the typical monocarbide matrix. Pellets
sintered at 159000 with nickel contained a second phase of sesquicarbide; pellets
sintered at 1950*C contained minor amounts of free metal. The pellet sintered
at 1590 *C without sintering aid was essentially single phase, though of low den-
sity.

Similar experiments (at AI) using cerium as a "stand-in" for the Pu in the
synthesis and fabrication of (U0 .8 Ce0.2)C pellets indicated slightly greater
losses of cerium. Synthesis of the mixed carbides under vacuum (2 x 10-4 Torr)
at 165000 indicated cerium losses of 0, 9.2 and 27.3% in attempts to prepare
hype rstoichiometric, stoichiometric, or hypo stoichiometric mixed carbide s,
respectively. Similar losses for vacuum synthesis at 175000 were 8.5, 31.9,
and 41.8%, respectively. Most of the cerium collected on the wall of the crucible a
as golden, c rystalline deposits, suggesting that Pu recovery may not pre sent too
great a problem. It was observed that the U-Ce carbides are much more sus-
ceptible to hydrolysis during normal laboratory handling than similarly prepared
uranium carbides. Under precautions minimizing laboratory exposure, oxygen
levels of ~-1l00 ppm were obtained for these synthesized U-Ce carbides. When
U-Ce pellets were sintered at 159000 with 0.2 to 0.4 wt % Ni in 1/3 atm of helium,
densities >94% of theoretical were obtained. The structure of these pellets
appeared similar to those of the (U, Pu)C pellets prepared by UNC. Photo-
mic rographs indicated a two-phase structure, one phase probably being a sesqui-
carbide; there were no dicarbide platelets (Widmanstatten lines) evident, even
in hype rstoichiometric carbide preparations. A report was completed on this
U-Ce -C fabrication work, NAA-SR -TDR- 11570.

Scoping te sts were carried out to evaluate losses of cerium re sulting from
arc -melting operations for comparison with reported Pu losses. Compositions
of approximately (U0 . 8 Ce 0 .2)0 were used, from the above mentioned synthesis
or prepared from the elements with graphite. Oxide-derived carbides, when
arc -melted under 1.0 atm argon and kept molten for 2 minutes, lost from 5.5 to
12.8% cerium, with losses varying inversely with the carbon contents. The
carbides obtained from the elements lost from 2.5 to 5.3% Ce when arc-melted
in 1.0 atm argon for from 2 to 8 minutes, with little difference observed between
stoichiometric or hype rstoichiometric carbon compositions. Losses increased
w ith inc reas ed melt time s. Ar c-melting s imila r butt ons unde r a low er pr es sur e,
0.1 atm argon, for 8 minutes increased the cerium losses 7.0 to 8.5%. These
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cerium vaporization losses and photomicrographs of the U-Ge buttons agree
closely with fabrication results obtained with (U0 . 8 5 Pu0 . 1 5 )C as reported at
DERE.

Experiments were initiated on the casting of UC pins (~.4.8% C) to fast-reactor
sizes; i.e., 0.250- to 0.187-in, diameter. Single-pin casting techniques devel-
oped to date successfully produced cast pieces >3-in.long, 90 to 100% of the
time. Full length, 6-1/4-in, long castings, which can be obtained ~50% of the
time, are still dependent on furnace operator technique. Typical as -cast UC
slugs are shown in Figure 1, and representative gammagraphs can be seen in
Figure 2; slight porosity is sometimes obtained in the upper 1 to 2-in, of a 6-in.
long casting. The casting operation was carried out by conventional skull-
melting, tilt-pour techniques. The graphite mold wall thickness was varied
0.020 to 0.060-in. To date, molds of ~.0.030-in. wall thickness appear near
optimum for obtaining sound full-length slugs. The use of previously outgassed
molds (at 2350*0 C) heated to ~1000*C prior to pouring improves the surface of
the casting compared to using a nonoutgassed, nonheated mold. The principal
surface defects are cold-shuts, as seen in Figure 1. Cursory tests were carried
out with these small diameter castings to determine the feasibility of obtaining a
good slug surface finish, which may become a requirement if fast-reactor fuel
designs incorporate a gas-bonded fuel rod. No difficulties were encountered in
surface grinding. Preliminary data obtained on 1/4-in, diameter castings of
2 to 5-1/4-in, length having initial TIR* values of 0.002 to 0.007-in. and diametric
''out-of-roundness'' of 0.001 to 0.002-in. , indicated diametric stock removals of
0.0 17 to 0.032-in, were required for complete surfac3 ''clean-up''. These data
indicate that at the present state-of-the-art, ~20% of the cast carbide product
may have to be removed by grinding if ''contact-bond'' finishes are required for
fast-reactor fuels. The fuel pin surface finish after grinding was ~120 to 180 rms.
Tests were also initiated on multiple casting techniques (7 slugs per pour).
Results show that on the basis of a limited number of tests, there was partial
success with 3/16-in, diameter molds; only 2 to 4-in, lengths of sound pins can
usually be obtained in a 6-1/4-in, length mold. Similar tests are in progress for
the multiple c as ting of 1 /4 -in, diame te r pins .

IV. EVALUATION OF EFFORT TO DATE

Process engineering analysis showed that one of the key mixed carbide fabri-
cation problems is Pu volatilization. Scoping tests indicate that Pu vaporization
losses during mixed carbide synthesis from the oxides and subsequent fabrication
to pellets by cold-press and sinte ring techniques can be held below 3%. Fabri-
cation by arc -melting and casting techniques may result in somewhat higher
losses of Pu.

In order to study Pu fuel fabrication problems without the limitations of Pu,
Ce has been used as a cheap substitute for many years in both the US and UK.
Comparison of cerium losses by vaporization with similar data reported for
plutonium fuels show that cerium is an economical stand-in for evaluation of
potential Pu vaporization problems occurring during synthesis and processing.
Losses of Ce are generally greater than those expected for similar operations
with plutonium, and vary inversely with the carbon content of the mixed carbide.

*TIR - Total Indicator Reading is a measure of the bow or nonstraightness in
the total slug length.
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TABLE 1

SYNTHESIS OF URANIUM-PLUTONIUM CARBIDE FROM THE OXIDES

Synthesis Run A B C D E

Atmosphere Vacuum*~ Vacuum*~ Vacuum* 0.5 atm He + 0.5 atm He

Temperature (*C) 1650 1650 1550 1650 1650

Hold Time (hr) 2 2 2 2.5 2.5

Initial Pu Comp'n

(%) 15.5 15.5 15.6 15.6 15.5

Clinker Content:

Carbon (wt %) 4.76 4.86 4.73 4.76 4.83

Oxygen (wt %) 0.23 - - - 0.44

Pu (wt %) 18.2 18.1 19.2 18.6 18.7

Plutonium Loss
(wt %) 4.7 5.2 0.0 2.6 2.1

*x 10~ Torr
+The He atm runs were static with five evacuations and refills of the furnace
during the run.

It is recommended that tests with Ce be performed prior to the actual Pu tests
in all applicable phases of fuel fabrication. Preliminary arc casting tests with
stoichiometric UC demonstrate that high quality carbide pins as small as 0.187-in.
diameter and up to 6-in, long can be obtained by modified arc -melting and cast-
ing techniques. Expansion of the multiple mold casting is required to put the
promising small diameter casting work on a practical basis. Additional analyt-
ical effort is required to evaluate microstructure segregation and composition
variations. Further tests are required to define the capability as well as the
need for surface finish specifications. Grinding appears to be a required finish-
ing method until process improvements are developed. It should be noted that
the results obtained apply to the specific compositions studied. A more thorough
analysis should be made of the effects that other potential fast-reactor composi-
tions may have on the choice of fabrication methods.

V. NEXT REPORT PERIOD ACTIVITIES

This project was terminated.
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TABLE 2

SINTERING OF (U, Pu)C PELLETS

Sinte r Run

Charge from
Synthesis Run

Temp (*C)

Atmosphere

Hold Time (Hr)

Ni @ start

(wt %)

Pellet Content:

Carbon (wt %)
Oxygen (wt %)
Pu (wt %)

Plut onium Los s
(wt %)

Pellet Density
(gm/cm3 )

Metallog raphy

F

A

1590

2

0.2

4.92

0.68

18.1

0.6

12.94

Ma jo r
(U, Pu)C,
mode rate
sesqui-
c arbide

F

C

1590

He**

2

0.2

4.73

18.6

3.1

12.68

Ma jo r
(U, Pu)C,
mode rate
sesqui-
c arbi de

1l/2 atm of static helium.
with high-purity He.

Furnace evacuated and backfilled three times
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G

B

1590

He**

2

none

4.72

17.9

1.1

12.47

Sing le -
phase

(U, Pu)C,
porous

G

D

1590

2

0.2

4.77

18.6

0.0

13.00

Ma jo r
(U, Pu)C,
minor
se squi -
c arbide

H

C

1950

Vacuum

1

none

4.50

18.2

5.2

12.70

Ma jor
(U, Pu)C,
minor
metal

H

E

1950

Vacuum

1

none

4.52

0.23

18.4

1.6

12.52

Majo r
(U, Pu)C,
minor
metal
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Reporting Period: July -September 1965 AEC Category: 04-01-04-19

General Order: 7661 Subaccount: 1941

I. PROJECT OBJECTIVES

The objectives of this project are to develop reference designs and prepare
preliminary fuel specifications for fast reactor fuel elements; establish design
criteria for irradiating mixed uranium-plutonium carbide fuel element test
assemblies; and perform a fast reactor fuel cycle cost survey based on proposed
plant requirements.

II. PROGRESS DURING REPORT PERIOD

Liaison was established between the Laboratory Director's Office of Argonne
National Laboratory and Atomics International to evaluate irradiation space in
the fast-flux Experimental Breeder Reactor -II (EBR-II). Irradiation experiment
requirements were received from the EBR-II Irradiation Testing Liaison Engi-
neer at NRTS, Idaho, and evaluated with regard to what conditions could be at-
tained in the EBR -II and what the tentative experiment de sign would require in
fuel fissile contents, containment, heat transfer media, etc, to satisfactorily
perform under those conditions.

A review and evaluation of the characteristics and criteria for the fuel rod
systems were prepared. A total plan for the fast reactor fuel systems develop-
ment activities has been written in draft form.

III. EVALUATION OF EFFORT TO DATE

The key factors involved with fuel rod system development are (1) allowable
strain on the clad, (2) dimensional stability and fission gas release of the fuel,
(3) gas bond versus sodium bond, (4) vented versus nonvented rod design, and
(5) original density versus performance requirements. These factors in turn
require analysis and evaluation based on fuel cycle economics. The results of
this evaluation indicated (a) the need for expanded materials effort on both fuel
and clad, (b) expanded fuel processing development to meet the needs for long
burnup, and (c) the need for system tests of a scoping nature in parallel with
the main materials development. Many of the initial fuel rod system design
criteria are based on very limited material data.

There appear to be some advantages of the sodium bond design over the gas -
bonded design. The sodium bond concept provides (1) an annulus for the volume
increase caused by solid fission product accumulation, (2) lower temperature
ope ration, which has advantag es of avoiding high -tempe ratur e phas e chang es
at certain compositions but has the disadvantage of lower diffusion rates of fis -
sion gases, which could result in fuel swelling, (3) higher specific power opera-
tion, (4) less apparent safety characteristics for sodium boiling as compared
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with the gas -bonded design. This latter evaluation depends on assumptions used
for the analysis, and requires additional effort supported by experimental results.

There are three problem areas in the fuel rod system that require plant engi-
neering support: (1) vented fuel rod design, (2) fuel rod safety characteristics
during steady-state and transient conditions, and (3) heat transfer analyses in-
volving fission gas mobility with the bond and coolant.

The change in properties of the clad materials under irradiation and the
effect of coolant on cladding are both being evaluated through coordination with
the clad development program 766 1-4553.

These analyses of existing engineering data compared with the required per-
formaance criteria have provided excellent guidance for the technical scope, and
emphasis on the materials development program and the process development
activities.

IV. NEXT REPORT PERIOD ACTIVITIES

This project was terminated.
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Program: Fast Reactor Development

Project: Cladding Evaluation

Project Engineer: B. R. Hayward
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I. PROJECT OBJECTIVES

The major objective of this project is to determine and demonstrate the valid-
ity of specific clad-design criteria for fast-reactor fuel clad-maaterials. The
effect of chemical composition and grain size on the biaxial low strain rate be -
havior of austenitic stainless steels will be evaluated.

II. PROGRESS DURING REPORT PERIOD

The cladding stress -rupture tests continued. When these 'tests'' ruptured,
measurements were taken but no attempt was made to thoroughly analyze the
data.

Specimens tested were from six different heats of type 304 stainless steel
and two heats of type 316 stainless steel. These heat compositions are identi-
fied in Table 1. The tests were biaxially loaded at 1250 and 13500*F, and were
performed with seamless tubing.

TABLE 1

CHEMICAL COMPOSITION OF TASK 2B SPECIMENS

Heat ICodel CI N Mnt P I 5 _Si INi Cr IMo

27898X A 0.06 0.060 1.67 0.021 0.011 0.50 10.41 18.93 -

06737 B 0.06 0.056 1.64 0.022 0.025 0.39 9.82 18.54 -

06820 C 0.06 0.047 1.84 0.023 0.009 0.44 9.79 18.54 -

00042 D 0.05 0.052 1.77 0.023 0.021 0.55 9.70 18.55 -

90213 E 0.05 0.037 1.68 0.018 0.021 0.45 9.67 18.47 -

26980X F 0.06 0.059 1.68 0.027 0.013 0.66 10.27 18.71 -

96180 G 0.03 0.027 1.54 0.003 0.021 0.30 13.39 17.01 2.28

90106 H 0.04 0.043 1.68 0.022 0.017 0.51 13.63 17.33 2.32

Sixty-four specimens ruptured during this quarter. The results of these
tests are summarized in Table 2. Previous tests, under 20,000 psi hoop stress
at 13500*F, exhibited axial tears of one to three inches in length. The current
tests, at lower hoop stresses, were all characterized by pinhole failures. These
pinhole failures are similar to those experienced in previous tasks where welded-
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TABLE 2

SUMMARY OF LOW STRAIN-RATE, BIAXIAL, CREEP-RUPTURE TESTS
FOR

JU LY -SEP TEMBE R, 1965

Heat ad Temperature Hoop Stress Tim to Strain at

Speime ( 0F) (psi x 1O ) Ru tr e Failure
No. (hr)

A -9

A-10

At-li

A -16

A-8

A -25

A-26

A -27

B-9

B -1O

B-16

B -8

B-25

B-27

B-28

C-9

C-10

C-13

C-14

C-15

C-8

C-24

C-25

C-26

C-i

C-2

C-22

1250

1250

1250

125 0

1350

1350

1350

1350

1250

125 0

1250

135 0

1350

1350

1350

1250

1250

1250

1250

1250

1350

1350

1350

1350

1350

1350

1350

13.5

13.5

13.5

15

10

10

10

10

13.5

13.5

15

10

10

10

10

13.5

13.5

15

15

15

10

10

10

10

13.5

13.5

15.0

1802

2336

1992

12 17

612

520

612

564

1992

1808

1049

608

612

288

488

3772

3027

2440

2456

2040

908

142

756

600

186

184

72

( continue d)

NAA-SR-1 1650

I-48

11.0

15.5

14.2

-

10.0

12.5

12.0

20.5

17.1

13.8

10.4

17.7

18.8

14.6

7.3

8.1

19.0

37.8

25.5



ATOMICS INT ERNA TION AL

A Division of North American Aviation, Inc.

TABLE 2 (Continued)

Heat ad Temperature Hoop Stress Tim to Strain at

Speime ( 0F) (psi x 103) Ruptr e Failure
No. (hr)(%)

D-11

D -16

D -8

D -21

D -22

D -23

D -24

D -1

D -2

E-9

E -10

E-51

E -24

E -2

E -4

F-13

F-14

F -30

F -2 1

F-22

G -9

G-11

G-13

G-14

G-15

G -25

G-26

G -27

G -28

1250

1250

1350

1350

1350

1350

1350

1350

1350

1250

1250

1250

1350

1350

135 0

1250

1250

1350

1350

1350

1250

1250

1250

1250

1250

1350

1350

1350

1350

13.5

15

10

13.5

13.5

13.5

13.5

15

15

13.5

13.5

13.5

13.5

15

15

15

15

13.5

15

15

13.5

13.5

15

15

15

10

10

10

10

2907

1536

632

141

153

160

160

72

144

1600

1490

1730

72

49

49

2711

3708

38 1

130

260

2704

2696

1487

1332

1308

541

584

584

536

(c ontinue d)
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30.4

16.8

21.6

35.4

29.8

14.5

28.4

33.2

34.2

17.5

22.7

28.3

24.0

9.0

10.5

10.7

9.5
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TABLE 2 (Continued)_______

Heat and Tieio aximum
Specmen Temperature Hoop Stress Tm toStrain at

(peimF) (pi 31~ Rupture Falr
No. ( )(s 0)hr)Faur

G-29 1350 13.5 129 15.0

G-30 1350 13.5 178 14.6

G.-33 1350 15 129 17.8

G-34 1350 15 69 21.4

H -15 1250 15 3680-

H-29 1350 13.5 464 16.1

H-33 1350 15 216 29.6

H-34 1350 15 260 27.4

*D ime ns ional measurements have not been made of all specimens.

and-drawn specimens were evaluated in a sodium environment containing a car-
bon source and a helium environment. Failures in the current task have occurred
at 7 to 35% plastic strain. These failures are indicative of a creep type failure.
Previous metallographic analysis has shown large amounts of deformation in the
grain boundaries.

III. EVALUATION OF EFFORT TO DATE

Average rupture times for a given stress level are plotted versus stress for
12500*F in Figure 1 and for 13500*F in Figure 2. Of the various heats of 304 stain-
less steel, heats E and F are the weakest and strongest heats, respectively.
Heat G, which is 316 stainless steel, does not appear to be stronger than the ma-
jority of the 304 stainless steel heats.

I I I I liii I I I I liii

H EATS

SD} 304 SS

ZGj 316 SS

THE 1250'F UNIAXIAL LINE IS AN AVERAGE OF THE..DATA 11
UBTAINED IN THI IAOGRM UNDERf TASK~~ - vr

I I I I 1111
I0 SS I I

BIAXIAL DATA BAND

I I I 11111

2 0 0

TIME TO RUPTURE (hr)

7661-2534
Figure 1. Rupture Data for 304- and 316 SS at 12500*F
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I I I I , , I I I I liii ,

HEATS

Sl304 SS

, I II I
~

1350*F UNIAXIAL REFERENCE :"A COMPARISON OF THE CREEP- RUPTURE STRENGTH OF AUSTENITIC
-STEELS OF THE 18-8 SERIES" BY T.M. KREBS AND N. SULTYS

THE BABCOCK AND WILCOX COMPANY

5x i0

5x103

102
TIME TO RUPTURE (hr)

7661-2535

Figure 2. Rupture Data for 304- and 316 55 at 13500*F

The biaxial data, along with some previously reported data, are plotted as a
function of hoop stress, and are compared to uniaxial data in Figures 1 and 2.
Analysis of the data, by using the maximum shear or von Mises theories, would
lower the two data bands and perhaps provide a better correlation with the uni-
axial data. However, in order to evaluate the proper choice of stress level,
tests other than biaxial creep tests would have to be conducted (i. e., biaxial
pressure plus a superimposed compressive or tensile stress).

IV. ACTIVITIES FOR NEXT REPORT PERIOD

The ruptur ed specimens will be analyzed and evaluated.

This project was terminated. The activities will be continued under the
High Temperature Materials Program.
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Program: Fast Reactor Development

Project: Irradiation Testing

Project Engineer: B. R. Hayward

Reporting Period: July -Septembe r 1965 A EC Category: 04 -01 -04-19

General Order: 7661 Subaccount: 1961

I. PROJECT OBJECTIVES

The objective of this project is to obtain irradiation data on the performance
of fast-reactor carbide fuels, fuel element systems, and cladding materials
which will be used as the basis for design of fast-reactor carbide fuel systems.
Specific objectives are: maaterials scoping irradiations to evaluate fuels and
cladding materials; materials systems irradiations to provide data on the com-
patibility, swelling, fission gas release, microstructure changes, and opera-
tional characteristics of the fuel-cladding system; prototype fuel rod and fuel
element irradiations to provide a reference fuel rod design; and special test
irradiations to provide informaation on fission gas pressure buildups due to step
increases in fuel operating temperatures, effects of short time temperature ex-
cursions on fuel and cladding materials, and performance of vented fuel systems.

II. TECHNICAL PROGRESS DURING REPORT PERIOD

Progress on the NAA-123, a multicompartmented in-pile stainless steel
clad stress -rupture experiment, is proceeding according to plan. All clad
specimens were prepared and preirradiation measurements taken. Approxi-
mately 95% of the parts have been fabricated and approximately 50% of the sub-
assemblies have been assembled. The temperature-measurement and control
consoles have been received. Testing has disclosed that the valves in the argon
flow lines, used for temperature control, are of excessive size. Their size is
being reduced to restrict the flow rate and to increase the control sensitivity.
This additional effort is not expected to delay the assembly schedule.

A decision has been made to determine the flux spectrum as well as the flux
distribution in the test facility. In addition to monitor wires on the test assem-
bly, a separate flux monitoring capsule will be built for installation at the down-
stream end of the test assembly. The data obtained from this portion of the
NAA -123 experiment will characterize the neutron environment and will permit
a more qualitative evaluation at the times of the postirradiation examination.

A survey has been made of test reactor facilities to determine which would
be technically suitable and available for fast-reactor fuel and maaterials irradia-
tion tests. The EBR-II and Dounreay Fast Reactor appear to be the only fast-
spectrum facilities that can schedule experiments in the next 1 or 2 years. The
availability of the Fermi reactor is questionable at significant power levels.
Many thermal spectrum facilities, such as the MTR, SRE, ETR, GETR, Han-
ford, etc, are available which could provide the desired power densities and
temperatures for irradiation of mixed carbides.

NAA-SR-l 1650
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The least expensive and still the most informative single experiment that
could be conducted in the near future would be one using a 19 -rod element in
the EBR-II core. The experiment would be relatively inexpensive because
EBR-II standard reactor element designs would be used, only a minimum
amount of engineering analysis would be necessary, and currently available
parts and techniques would be used for fabrication. The experiment could uti-
lize several different fuel forms and claddings, thereby providing the valuable
scoping information needed for the fast-reactor fuel element design. The pre -
liminary nuclear, heat transfer, and hydraulic calculations have been made for
an EBR-II test design. The results show that a position in one of the inner
three reactor rows would be needed if the desired specific power (200 to 400
watts/gram, U & Pu) is to be attained. Limitations of the EBR-II are the lack
of instrumentation of test capsules and the low operating level of the reactor.
These limitations are however more important to long burnup tests than to short
burnup scoping tests.

An analysis has been performed to determine the variations in radial power
density of a nominal fast-reactor carbide fuel rod design (0.25-in, diameter,
20 wt % Pu) operating in a typical thermal test-reactor spectrum. The results
indicate a power density depression in the thermal spectrum of about three,
from the rod surface to centerline, yielding centerline temperatures which are
100 to 2000*F lower than those which would exist in an identical rod operating in
a fast-spectrum reactor. The fuel surface thermal stresses are correspond-
ingly greater in the thermal spectrum. Calculations indicate that the character-
istics of the SRE thermal flux spectrum and the high coolant temperatures have
advantages over other thermal reactors for testing fast-reactor fuels. For
example, the power density depression is approximately two, for the SRE.

A study of the feasibility of bringing mixed-carbide fuel rods into the Al
Headquarters assembly laboratories for testing and experiment-assembly has
been completed and a preliminary draft (RSA-1) has been written. The conclu-
sion of this study is that the risks of contamination do not preclude the operation
as long as certain special precautions are taken.

III. EVALUATION OF EFFORT TO DATE

Assembly of the NAA-123 clad experiment has proceeded satisfactorily and
there appears to be no technical reason why the experiment objectives cannot be
met. By using a thermocouple for the control instrument in an out-of-pile
mockup test, rather than the gas bulb thermometer planned for the in-pile test,
temperature control of b8*F was achieved. The sensitivity of the gas bulb
thermometer is about four times that of a thermocouple and is expected to pro-
vide the *5*F temperature control which is desired.

The initial resolution of handling small quantities of Pu at AI allows the pos -
sibility of purchasing small samples of fast-reactor fuels for both irradiation
tests and for physical property measurements.

IV. NEXT REPORT PERIOD ACTIVITIES

Modification of the argon flow system on NAA -123 will be completed and tem-
perature control within +5*F should be demonstrated. Assembly of the experi-
ment and the flux monitoring capsule will be completed.

This project was terminated. The activities will be continued under the High
Temperature Materials Program.
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Program: Fast Reactor Development

Project: Fuel Irradiation

Project Engineer: B. R. Hayward

Reporting Period: July -September 1965 AEC Category: 04-01-04-19

General Order: 7661 Subaccount: 1981

I. PROJECT OBJECTIVES

The primary objective of this project is to evaluate the in-pile performance
of the AI 24-1, Al 25 -1, and Al 25 -2 capsule irradiations, initiated under the
Sodium Cooled Reactor Program. This objective will be accomplished by: in-
pile surveillance of the Al 25-1 and AI 25-2 capsules; and postirradiation exam-
ination of AI 24-1, AI125-1, and AI 25-2.

II. TECHNICAL PROGRESS DURING REPORT PERIOD

The irradiations of the Al 25-1 and -2 experiments at GETR were terminated
on September 11, 1965. These hypostoichiometric UC experiments achieved
14,000 Mwd/MTU burnup at clad and fuel centerline temperatures of 1250 and
1850*F, respectively, and at a specific power of about 120 watt/gm U.

The NRX-86-1 and -2 long rod hypostoichiometric UC irradiations were ter-
minated after a burnup of 13,000 Mwd/MTU and operation at design tempera-
tures of 18000*F fuel centerline.

III. EVALUATION OF EFFORT TO DATE

The Al 25-1 and -2 experiments were discharged due to program redirec-
tion, and will be buried. The Al 24-1 experiment currently in storage will be
buried. The two NRX-86 irradiations were transferred by AEC direction from
the HNPF Fuel Surveillance program to the fast reactor program. These cap-
sules will also be buried during the next quarter. No examinations are planned
on these capsules.

IV. NEXT REPORT PERIOD ACTIVITIES

Reports will be completed on UC irradiations from the FY 1965 program.
The irradiations terminated in this quarter will be buried.
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Program: Sodium Reactor Experiment

Project Manager: L. E. Glasgow

Reporting Period: July-September 1965

I. PROGRAM OBJECTIVES

The primary objectives are to: (a) maintain the plant in a safe shutdown con-
dition, (b) operate the systems necessary for testing of systems and components,
(c) maintain accountability of Core III fuel, and (d) improve reliability of new
sodium systems.

These objectives will be in effect until the reactor is restarted. At that time
the objectives will be to: (a) operate the reactor at PEP design conditions, (b)
evaluate long -term system characteristics, and (c) utilize the plant as a fuel ir -
radiation facility.

II. PROJECT MANAGER'S SUMMARY AND EVALUATION

The preoperational testing, beyond that required for startup that could be
done without loading fuel, has been completed. Safeguards evaluation work,
operator recertification, and some system refurbishing work, disallowed under
the PEP program, was completed. The SRE hot-cell was reworked and put on
standby.

The SRE staff has been reduced to a minimum size consistent with the latest
budgetary level and program objective requirements.
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Program: Advanced Sodium Cooled Reactors

Project: Sodium Reactor Experiment Operations

Project Engineer: J. E. Owens

Reporting Period: July-September 1965 AEC Category: 04-01-04-22

General Order: 7602 Subaccount: 1310

I. PROJECT OBJECTIVES

The primary objective s are to: (a) safely maintain the plant in a shutdown
condition, (b) operate the systems necessary for te sting of systems and com-
pone nt s, (c) maintain ac countability of C ore -IlI fuel, and (d) impr ove reliability
of new sodium systems.

The se objective s will be in effect until the reactor is re started. At that time,
the objectives will be to: (a) operate the reactor at PEP design conditions,
(b) evaluate long-term system characteristics, and (c) utilize the plant as a fuel
irradiation facility.

The spe cific objective s which support the above are to: (a) ope rate the plant
with adherance to approved methods and procedures, (b) assist with plant modi-
fications and maaintenance, (c) generate, collect, and organize operational data,
and (d) maximize efficiency and economy in the use of manpower and material
through a well-organized operator training program.

II. MA JOR ACCOMPLISHMENTS IN FISCAL YEAR 1966

Operational support was provided for the SRE-PEP preoperational te sting
program. All sodium systems were filled and ope rated for determination of
sy ste m hydraulic cha racte ristic s and function te sting of components.

During ope ration of the sodium systems for te sting purpose s, the primary
and se condary service systems were activated and the oxide content of all sys-
tems was reduced to less than 10 ppm.

III. PR OGR ESS DU RING RE POR T PE RIOD

Upon completion of moderator element replacement, the equipment used for

this program was decontaminated, painted, and properly stored.

The primary gallery shield blocks were installed and sealed after system
te sting and modifications were completed. The openings between the blocks
were sealed utilizing a two-part styrofoam compound which expands to fill and
seal the space.

A complete central print-file system is being established for the SRE and
associated components. All necessary prints will be in a central location and
clearly indexed as to number and function.

NAA-SR -11650
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Rewiring of the sodium service building heater panels has been initiated. The
wiring was stripped from the panels and all multicolored extension wire removed
and replaced.

Certification testing of all operations personnel was accomplished this report
period. Examinations were administered encompassing plant change s made
during PEP modifications.

IV. EVALUA TION OF EFFOR T T O DA TE

Repair, replacement of broken or worn parts, and proper storage of moderator
re plac eme nt e quipme nt will re duce the time r equire d for activation. A s a r esult
of de contamination and painting, the equipment may be stored in a building with-
out need of radiation and contamination re strictions.

The use of styrofoam for sealing of vaults and galleries results in a reduction
of nitrogen used to maintain the gallery atmosphere s to le ss .than the required
4% necessary to prevent fire in the event of sodium leak.

Establishment of a central print-file will provide easy access to needed
material. Previously, needed drawing s had to be ordered from a central file
at anothe r loc ation. Thi s cause d unne ce s sary delay s in work s che dules .

Rewiring of sodium service heater panels reduces the time required for pre-
heating of systems and recircuiting of heaters. Standard arrangement of wiring
will reduce possibility of electrical shock to personnel working in the panels.

Certification of operations personnel assures safe, uniform operating methods
and tho rough unde rstanding of e quipment. Continue d tr aining will be give n a s
new equipment or procedures are introduced.

V. NEXT REPORT PERIOD ACTIVITIES

All sodium systems will be operated for testing purposes.

Final gallery and vault closure s will be made and the cooling and dehumidi-
fication systems operated for determination of cooling capacity and heat loads.

Work will be completed e stablishing a central print-file. Operator training
will be conducted as required to familiarize operations personnel with new equip-
ment and operating methods.

The reactor will be prepared for startup with an expected fuel loading date
of January 1, 1966.
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Program: Advanced Sodium Cooled Reactor s

Project: SRE Operational Support

Project Engineer: J. E. Owens

Reporting Period: July-September 1965 AEC Category: 04-01-04-22

General Order: 7602 Subaccount: 1320

I. PROJECT OBJECTIVES

The primary objectives of this project are to: (a) provide a preventive main-
tenanc e program, (b) provide for br eakdown maintenance as r equir ed, (c ) up-
date standard operating procedures, (d) provide radiological health and safety
support for SRE personnel, (e) provide for hot-cell support as required, and
(f) provide an updated operator training manual.

II. MAJOR ACCOMPLISHMENTS IN FISCAL YEAR 1966

Modification of the primary sodium service system was completed. Signifi-
cant changes were made to separate piping for the inlet to the hot-traps and
cold-traps, and installation of a sample tab exposure facility.

The main primary pump case vent line was modified to provide adequate
drainage and ensure gas communication between the reactor and primary pump
cases.

III. PROGRESS DURING THE REPORT PERIOD

Modification of the primary sodium service system was completed. Changes
include the addition of separate inlet lines for the cold-trap and hot-traps, a
facility for exposure of metal samples to primary coolant, conversion of all
valves to the freeze-stem bellows-backup type, and enclosure of all wiring in
ter minal boxe s or c onduit.

Cleanup of the SRE hot-cell was completed. All waste accumulated during
Core II operation and all operating equipment except the remote manipulators
were removed. The cell and associated work areas were then decontaminated
to acceptable levels and painted.

Radiological health and safety support was provided for SRE per sonnel during:
modification of the primary sodium service system, cleanup of the SRE hot-cell,
and transfer of core components to and from the reactor.

Modification to the main primary pump case and associated piping was com-
pleted to permit operation of the pump at flow rates necessary to achieve design
conditions of the SRE-PEP reactor.

The plant instrument air system modifications wer e initiated. Two small
compressors were replaced with a temporary compressor of larger capacity
providing a working pressure for valves and instruments of 80 to 100 psig.

NAA-SR- 11650
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Preventive maintenance was performed on a minimum amount of equipment.
Because components had been operated only for testing purposes, minimum
maintenance was required.

IV. EVALUATION OF EFFORT TO DATE

Separation of the inlet piping to the cold-trap, and hot-traps, and installation
of a tab exposure facility allows increased flexibility of operation. An inlet tem-
perature limitation of 7000*F prevented operation of the cold-trap when the reactor
was at full power. A line was installed from the reactor return line (which never
exceeds 700*F) to the cold-trap permitting operation of the service system, ir-
respective of reactor power. The tab exposure facility precludes the necessity
for shutdown of the hot-traps for removal of samples which were previously ex-
posed in the inlet and outlet lines of the hot-traps.

Cleanup of the SRE hot-cell removes a contamination and radiation hazard
fr om the SRE facility. The c ell decontamination and painting will permit the
tooling for future work to be installed quickly and with a minimum radiation ex-
posure to personnel.

Radiological health and safety support provided for operations and mainte-
nance activities permitted completion of scheduled activities involving radiation
and contamination without unnecessary delay. The insignificant exposures to
personnel reflects the safety aspects of the procedures used and the close co-
operation between Health and Safety and performing personnel.

The main primary pump case overflow line was modified to include a throttle
valve for control of the pump case sodium level. Removal of a low section of
piping ensures gas communication between the pump cases and reactor.

The instrument air system installed during PEP modifications was inadequate
to supply the requirements to the facility. Existing equipment located at other
facilities was used to increase the working pressure to the required level.

V. NEXT REPORT PERIOD ACTIVITIES

Th e main pr imar y pump c as e ove rflow line valve ins tallation will be c om -
pleted and placed in operation.

Modification of the instrument air system will be completed upon arrival of
the replacement air compressor in December. Additional in-core heaters will
be fabricated to replace the present elements which are not usable with the
SRE-PEP core.

Spare control and safety elements will be assembled, checked out, and placed
in storage cells for use if required.
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Program: Advanced Sodium Cooled Reactors

Project: SRE Engineering

Project Engineer: J. E. Owens

Reporting Period: July-September 1965 AEC Category: 04-01 -04-22

General Order: 7602 Subaccount: 1330

I. PROJECT OBJECTIVES

The objective of this project is to provide engineering and technical support
necessary to operate the SRE-PEP. This specifically includes: (a) perform-
ance and evaluation of all tests, (b) determination and analysis of plant per-
formance, (c) design engineering studies for plant improvements, and (d) de-
velopment of advanced testing and analysis techniques.

The purpose of the project is to provide engineering information required
t o d et er mine and imp rove S RE s afety, r eliabilit y, and p er for manc e.

II. MAJOR ACCOMPLISHMENTS IN FISCAL YEAR 1966

Preoperational testing beyond that needed for startup of the SRE was com-
pleted. Tests of the control room instrumentation, systems, and components
in all cases maet or exceeded the established acceptance criteria.

Analysis and modifications necessary to eliminate gas entrainment in the
main primary pump were completed.

A detailed test-procedure was prepared for operation of the present SRE
core with vented fuel elements. The experiment would establish the practicality
and economics of operating vented fuel in sodium-cooled fast reactors, and
provide engineering data based on good statistics for design of any sodiuma-
cooled vented fuel system.

III. PROGRESS DURING REPORT PERIOD

All of the preoperational testing that can be done without loading fuel required
for startup of the SRE was completed. These tests include the fill and function
check of the SRE-PEP sodium systems, sodium component vibration checks, and
the control room instrumentation checkout. Evaluation of the test results was
completed and documented. In summary, all system performance with the ex-
ception of main primary system gas entrainment, met the established accept-
ance criteria set forth in the test procedure summaries.

Detailed testing established that the main primary gas entrainment occurred
through the main free surface pump and its associated overflow dip-leg piping.
The specific cause was a low pump sodium level coupled with high sodium ve-
locity in the overflow dip-leg. The low sodium level caused surface turbulence
and vortexing in the pump barrel to carry gas into the pump overflow. The high
velocity in the overflow dip-leg did not allow the entrained gas to separtate and
the high velocity sodium falling in the dip-leg entrained more gas by aspiration.

NAA-SR- 11650
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Three minor system modifications have been made which correct the entrain-
ment and allow gas free operation at SRE-PEP conditions. These modifications
are: (a) installation of a cap in the dip-leg vent pipe to eliminate the source of
gas causing the aspiration effect, (b) installation of a dip-leg control valve to
raise the pump sodium level above the overflow nozzle, and (c) modification to
the pump to minimize turbulenc e in the sodium pool.

An experiment was proposed of operating the existing UC core loading for
SRE-PEP as a "vented fuel" system under controlled conditions. The experiment
consists of three separate tests. The first, using eight fuel rods vented through
the loading face shield by means of tubing, would give an accurate measurement
and identification of the fission gas released inside the fuel cladding. The second
test, comprising two rods located in a sodium filled thimble, would give a meas-
urement of the gas release rates to the sodium and the cover gas. The final
test would consist of a controlled, incr easing number of fuel rods venting directly
to the sodium; this would provide the system effects which in turn would be re-
lated back to the release rates. This inter-test correlation would yield the
necessary information for extrapolation to other reactor s.

A test was performed to determine the consequences of overheating the 0-ring
seal at the loading face during fuel handling operations. An irradiated fuel ele-
ment was simulated by using electrically heated cladding. The test showed that
if a fuel element were stuck at the 0-ring, the 0-ring temperature would exceed
500*F and probably cause failure unless mitigative steps are taken. The fuel
cladding temperature would not exceed 13000*F and therefore would not be damaged.

Modification of the Mark II fuel handling machine was completed. Changes
made include a revised interlock system, pneumatic hoists for the biological
shield, and a revised gas system.

Fission product monitor modifications were completed. Existing components
were replaced with solid state electronics, sample piping was changed, and the
readout equipment was installed nearer the control room.

As-built drawings were completed for all systems affected by PEP modifi-
cations. Old prints of existing systems were also reviewed and revised.

IV. EVALUATION OF EFFORT TO DATE

The preoperational tests were successfully completed on schedule for the
original reactor startup date. The performance of these tests by use of the new
test procedure summary together with the detail test procedures was effective
in determining the system performance in an efficient and safe manner. The
overall preoperational testing effort has uncovered a number of minor problem
ar eas in sufficient time to permit cor rection, thus minimizing delays during
operation to full power.

The modifications to the main primary system have eliminated gas entrain-

ment and the system presently meets the acceptance criteria.

The vented fuel experiment would establish the practicality and economics
of operating venting fuel in sodium-cooled fast reactors, and provide engineering
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data based on good statistics for design of any sodiuma-cooled vented fuel sys-
tem. The detailed experiment has been designed so that no major safeguards
studies or revisions to the existing safeguards report would be required. Like-
wise, no system additions or modifications would be required except for inex-
pensive fuel element changes. Equipment and procedures for identifying, meas-
uring, storing, and disposing of the vented gases exist and are ready for service.

The test results from the simulation of a stuck fuel element in the fuel handling
machine indicate that a large release of fission products from damaged fuel clad-
ding will not occur. It is anticipated that the failure of the 0-ring from over-
heating will not increase the core cover gas leakage above the 45% per day
operating limit. Therefore, the consequences of such a postulated accident do
not represent a hazard.

The completed modifications to the fuel handling machine and the fission
product monitor were the last major modifications required for steady full power
SRE-PEP operation.

V. NEXT REPORT PERIOD ACTIVITIES

Instrumentation will be prepared for testing during startup and operation of
the reactor.

Testing of the gallery cooling systems will be done after final vault and
gallery sealing is completed.

Because of r ec ent AEC dir ection, no further work will be done on vented fuel
elements. Engineering support will be limited to that necessary to 12000*F
operation.

NAA-SR-11650
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Program: Sodium Component Development

Project: Operation of Sodium Component Test Installation

Project Engineer: J. A. Leppard

Reporting Period: July-September 1965 AEC Category: 04-01-04-31

General Order: 7593 Subaccount: 1322, 1323

I. PROJECT OBJECTIVES

The project objective is to operate the Sodium Component Test Installation
(SCTI) in order to test, obtain data for, and evaluate the performance of proto-
type intermediate heat exchangers and steam generators.

II. MAJOR ACCOMPLISHMENTS IN FISCAL YEAR 1966

The entire SCTI system was operated under isothermal conditions at a tem-
perature of 3500*F. Several failures of major equipment occurred; solutions to
these problems have been obtained.

III. PROGRESS DURING REPORT PERIOD

Late in the last quarter, the drive motor for the secondary pump burned out.
The mode of failure was a short between two coils and the stator. The motor
was rewound, satisfactorily tested at the factory, and reinstalled in its operat-
ing position. High potential (d-c) tests performed in this location proved that
the insulation was inadequate for the application; namely, operating a 4160-v
machine in an argon atmosphere. The motor was returned to the repair shop
where additional insulation was placed on the coil ends, and certain metallic
hardware was replaced with electric materials. The motor was again returned
to its operating position and successfully run for approximately 5 days. During
a time when it was running at about 25% of full load, it burned out again. On
this occasion the failure was a phase-to-phase short between a lead and adjacent
coil connections. This incident is the fifth failure of this motor in a total operat-
ing life of less than 3000 hr. No further effort will be made to use this particu-
lar motor.

In order to apply an air -cooled motor to the secondary pump, it is necessary
to change the configuration of the pump case. A contract has been let to Byron
Jackson Company to construct a new pump case closure, jack shaft, bearing
housing, and shaft seal assembly. Integral with this pump case closure will be
a new mount for an air -cooled motor of standard design. A used motor, avail-
able from Borax V in Idaho, was loaned to the SCTI for this application. This
motor is currently being examined and serviced. Additionally, bids are being
requested for a new standard design motor specified for the requirements of
this application.

Nearly coincident with the secondary pump motor failure, a bellows pipe
expansion joint in the primary sodium piping leaked. Examination of the joint
revealed that the stainless steel material was sensitized and had subsequently
undergone massive intergranular corrosion. Photomicrographs of sections of
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both the inner and outer plies showed that both the interior and exterior surfaces
had corroded about the same amount. Because sodium does not cause this type
of effect, it seems that the corrosion occurred prior to sodium filling. The
specification for these bellows has been revised to eliminate a high temperature
bakeout which may have given rise to the sensitization to the bellows.

A second bellows expansion joint was cut out of the piping, cleaned, and ex-
amined. It was determined by a dye-penetrant technique that no cracks or cor-
rosion pitting existed on the interior surface of the bellows. Appearance of this
second bellows was excellent, and no corrosion was evident. This joint has now
been reinstalled in the primary piping. An order has been placed for six spare
bellows expansion joint assemblies. This will yield a 50% replacement capabil-
ity. Leak detectors are being installed on all of the bellows expansion joints.

Because of the failure of several bellows seal valves, these valves are being
modified to have freeze -stem seals. All but three of the total of 25 have now
been modified.

The body of a plastic valve (polyvinyl chloride), located immediately adjacent
to the demineralized water storage tank, split open. This valve and two other
s imilar valve s in line s t o this t ank have be en r eplac ed with stainle ss ste el valve s.
The plastic pipe lines associated with the demineralized water system are sup-
ported on the same structure which supports the main circulating system piping.
Vibration transmitted from the main circulating pump and the instrument air
c omp res s or induce d c ons ide rable vibration in the se line s. A ction was taken to
both dampen and isolate the vibrations from the plastic piping.

A 2-in, bypass line was installed around the primary plugging meter assembly
to decrease the pressure differential across the plugging valve. Also the entire
assembly was relocated to provide better channeling of the oxide to the plugging
valve.

A leak developed in the main instrument air compressor lower head gasket,
which necessitated shutting down the compressor for repair. In addition to re-
pairing the defective gasket, the entire unit was disassembled, inspected, and
worn parts replaced. An order has been placed for a new instrument air com-
pressor of larger capacity than the existing unit. The present air compressor
will be used as a standby unit in preference to the present standby unit, which is
inadequate.

The bubbler-type level controller for the primary sodium pump was modified
in order to assure its proper operation. After making several seemingly minor
changes, this unit functioned properly.

A meeting was held with a representative of Baldwin, Lima, Hamilton to re -
view the ALCO steam generator and IHX test program. A letter was prepared
summarizing the results of this review and defining the mutual recommendations
of Al and BLH for revisions to the program described in APAE 122. These
recommendations included reduction of the number of test points in the steady
state series (without losing the engineering value of the program), and the addi-
tion of several test conditions not specified in that report.
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A draft was completed of the step-by-step test procedure to be used by the
operating crew in performing the first series of ALCO steam generator and IHX
tests. The first test-comapletion report of the series to be prepared on the pre-
operational test program was written.

Preventive maintenance activities during this period included replacement of
bearings in one of the preheat air compressors and in the circulating water pump.
In the case of the circulating water pump, a grease seal on the original bearing
was missing; this fact probably led to the early failure of the bearing.

All corrective action procedures were completed and the rest of the plant
performance test procedures were finished and reviewed by the Steam Gener-
ator Coordinating Committee. The plant description section of the Operating
Manual was revised and issued to each person on the staff.

IV. EVALUATION OF EFFORT TO DATE

Completion of the preoperational test program and the start of the test per-
formance work has been seriously delayed because of equipment failures ex-
perienced during this period. However, valuable experience and information
have been gained in obtaining solutions to these problems. Completion of all of
the required plant performance procedures and most of the ALCO test proced-
ures will enable the program to proceed immediately after mechanical equip-
ment is fully operative.

V. NEXT REPORT PERIOD ACTIVITIES

Revisions to the secondary pump will be completed. The failed bellows ex-
pansion joint will be replaced. Replacement of bellows seal valves with freeze -
stem seals will be completed. The rest of the preoperational tests will be per -
formed and the plant performance tests initiated.
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Program: Sodium Component Development

Project: High-Temperature Strain Measurements

Project Engineer: J. E. Owens

Reporting Period: July -September 1965 AEC Category: 04-01-04-31

General Order: 7593 Subaccount: 1328

I. PROJECT OBJECTIVES

The objective of this project is to develop suitable, reliable, high-temperature
strain gages for experimental stress or strain measurements, or for application
in process instrumentation components. Commercially available gages will be
tested to determine their limits, applicability, and reliability as analytic instru-
ments for use on component test loops and systems, and as sensing elements in
pressure transducer and force-arm applications. Suitable high-temperature
strain gages will be developed, as well as application techniques for high-
temperature use. Methods of accomplishing temperature compensation and seal-
ing of the sensitive element will be investigated to permit use in contact with
sodium or sodium vapor.

II. MAJOR ACCOMPLISHMENTS IN FISCAL YEAR 1966

Pilot evaluation of the 12000*F Armour D-Platinum, 9000*F Microdot weldable
half-bridge gage and the B-L-H, 12000*F platinum-tungsten wire gage was com-
ple te d. Fixtur es and te chnique s f or winding s pe cial high -t empe ratur e g ag es wer e
further perfected. New approaches for improving gage reliability were also
studied.

III. PROGRESS DURING REPOR T PERIOD

A. STRAIN GAGE EVALUATION

1. B-L-H Type HT-1212-5A Strain Gage

Pilot studies on this gage have been completed. Earlier studies of the per-
formance of this gage indicated that the gage had excellent performance with re -
spect to drift characteristics, under steady-state conditions at temperature up
to 12000*F in an air environment. After 1675 hr of exposure at 12000*F, the
drift rate was still constant, with only 0.5 microstrain per hr. However, upon
observing its performaance under transient heating conditions, at heating rates
as low as 5*F/sec, it was found that the gage would open (fail) electrically. The
steady-state performance of the gage was sufficiently attractive to justify fur-
ther evaluation of the gage. A careful examination of the cyclic strain versus
temperature oscillographic records and photomicrographs of the joint between
the gage filament and the nickel gage tabs indicated that the spotweld was re -
sponsible for the erratic gage behavior under transient conditions. Welding
techniques used in making the spotwelds for these gages were subsequently
changed and gages were procured with Nichrome V, Evenohm, and Alloy 479
ribbon tabs, all tabs spotwelded to the gage filament using the new welding pro-
cedures. It was hoped that the change in welding technique and/or tab material

NAA-SR- 11650
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would result in a satisfactory gage for transient work. The table summarizes
results of tests on four Type 304 stainless steel specimens, each instrumented
with 4 flame-spray-bonded (A1 2 03 ) HT 1212-5A gages. Each specimen was
stabilized in an air furnace at 1225*F for 16 hr prior to transient testing in a
special transient heating test facility. Each specimen was subjected to 10 cyc -
les at 5*F/sec, followed by 10 cycles at 100*F/sec, followed by 10 cycles at
25*F/sec, all cycling being between 325 and 1150*F. These heating rates
bracket most of the heating rates anticipated during sodium component loop
testing.
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Figure 1. Drift Characteristics of B-L-H Strain Gages

Results from the steady-state pilot drift tests conducted at 12000*F for periods
up to 1000 hr for four gages are shown in Figure 1. The gages were flame-
spray-bonded to a Type 304 stainless steel specimen and stabilized for 16 hr in
an air furnace, before commencement of steady-state (drift) testing. Gages were
selected from two different lots. These gages, which are not self-temperature
compensating, were hooked up in a half-bridge arrangement, which is the man-
ne r in which the se g ag es would normally be us ed in evaluation of s odium c ompo -
nents, where both steady-state and transient behavior are investigated.
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SUMMARY OF TRANSIENT RESULTS

Number of ShocksI

Specimen Gage Withstood, Without Lead
No. No. Erratic Behavior, at Tab* Remarks

5*F~se 10*F/sec I25*F/sec 1Tp
Bi 1 10 10 10 P No erratic behavior throughout test

2 4 1 0 P Started opening intermittently on
5th cycle at 850*F

3 10 10 1 N Started opening intermittently on
21st cycle at 900*F

4 10 5 0 N Started opening intermittently on
15th cycle at 9000*F

B2 1 10 10 10 P No erratic behavior throughout test

2 9 0 0 P Started opening intermittently on
9th cycle at 1100*F

3 9 0 0 N Started opening intermittently on
9th cycle at 1100*F

4 1 0 0 N Started opening intermittently on
1st cycle at 1100F

B3 1 10 10 4 P Started opening intermittently on
24th cycle at 800*F

2 10 9 0 P Started opening intermittently on
19th cycle at 800*F

3 8 0 0 N Started opening intermittently on
8th cycle at 10000*F

4 - - - N Damaged during installation

B4 1 2 0 0 E Started opening intermittently on
2nd cycle at 8000*F

2 3 0 0 E Started opening intermittently on
3rd cycle at 7500*F

3 10 1 0 E Started opening intermittently on
11th cycle at 900*F

4 1 0 0 E Started opening intermittently on
1st cycle at 6000*F

*Legend

N = Nichrome V
E = Evenohm
P = Alloy 479
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2. Armour D-Platinum Strain Gage

The characteristics of this gage, under steady state and transient conditions,
were investigated. The gages were evaluated, individually, since they are self-
temperature compensating and need not be used in a half-bridge arrangement.
Figure 2 shows the drift versus time curves for three Armour D-Platinum gages,
flame-spray bonded to Type 304 stainless steel bars. To determine the effect of
prior transient history, Gage 1 was subjected to a total of 60 shocks from 800 to
12000*F, consisting of 10 shocks at 6*F/sec, 10 shocks at 140*F, and 10 shocks at
200*F/sec, 10 shocks at 27*F/sec, 10 shocks at 37*F/sec, and 10 shocks at
53*F/sec. Gages 2 and 3 were not shocked.
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2000 --
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Figure 2. Drift Characteristics of A D-P Strain Gages

Additional shock-testing was performed on a similar test specimen with four
gages. The bar was subjected to a total of 30 shocks from 325 to 11500*F, con-
sisting of 10 shocks at 5*F/sec, 10 shocks at 100*F/sec, and 10 shocks at
25*oF/sec. Three out of four of the gages satisfactorily withstood all thermal
shocks, without any erratic behavior. The fourth gage withstood a total of 22
shocks satisfactorily. However, during the third cycle at 25*F/sec, it began to
exhibit the s ame e rr atic behavio r as the B -L -H type H T 12 12 -5A g ag e.
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Figure 3. Thermal Shock Characteristics
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The three gages which withstood the thermal shocks were then evaluated with
respect to the effects of thermal shock on their strain response (linearity, etc).
The evaluation was performed in a special "constant-moment" beam test appara-
tus, which is contained within an air furnace. The gages were mounted back-to-
back on opposite faces of the bar. All gages were within the constant moment
portion of the beam. Theoretically, Gages 1, 2, 3, and 4 should be of the same
magnitude, with Gages 1 and 2 of opposite sign to that of Gages 3 and 4. Fig -
ure 3 shows the strain versus beam deflection curves at room temperature, be -
fore and after thermal shocking. It is noted that Gage 4, which showed erratic
behavior during the thermal shock tests after a total of 22 cycles, responded
satisfactorily - at room temperature - as did the other gages with respect to
strain response. Similar characteristics were observed at 12000*F for Gages 1,
2, and 3. Gage response was quite linear and similar to that shown in Figure 3,
except for a small difference in gage factor. Gage 4 was found inoperative at
12000*F, because of an electrical opening which developed at elevated tempera-
ture, after thermal shocking.

3. Microdot Type SG-420 Strain Gage

Steady state and transient tests were conducted on this gage which is a com-
pletely encapsulated weldable, half-bridge gage, with a maximum steady state
operating temperature of approximately 950*F. This gage was selected for
evaluation because of its potential for use in relatively high-temperature steam
environments or under field conditions when moisture or corrective action over
extended periods of time might prohibit the use of nonencapsulated gages. Fig-
ure 4 shows the drift characteristics of two of these gages in an air furnace at
9000*F. These gages were spotwelded to Type 304 stainless steel specimens.
D rift te sting on the se g ag es was dis continue d afte r they had be en subje cte d to
slightly more than 1000 hr.

After conducting steady state drift test on Microdot Gage 1, the gage was sub-
jected to 107 thermal shocks in the temperature range of 500 to 9000*F, consist-
ing of 11 shocks at 22*F/sec, 11 shocks at 33*F/sec, 22 shocks at 40*F/sec, 40
shocks at 50*F/sec, and 23 shocks at 60*F/sec, with no erratic behavior noted.
Prior to conducting the steady state drift test on Microdot Gage 2, the gage was
subjected to 58 thermal shocks in the same temperature range as for Gage 1,
consisting of 11 shocks at 9*F/sec, 11 shocks at 30*F/sec, 12 shocks at 40*F/sec,
and 12 shocks at 500*F/sec. The soak-shock sequence for these two gages was
reversed to determine the effect, if any, of prior shocks on drift characteristics.

B. STRAIN GAGE DEVELOPMENT

Existing fixtures and techniques for strain gage fabrication were modified to
facilitate fabrication of gages of various sizes and shapes, including the Armour
D-Platinum strain gage. Elements for approximately 20 Armour D-Platinum
gages have already been fabricated in this fixture. Gages from these elements
have been fabricated, and four sample gages are in the process of being evalu-
ated with respect to steady state and transient performance. These gages were
fabricated by use of spotwelding. Figure 5 is a schematic representation of the
Armour D-Platinum gage. It is noted that four spotwelded joints exist in the
present design. The symmetrical configuration with two platinum elements is
used to assure temperature compensation in locations where transverse tem-
perature gradients exist across the gage width.
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SPOT WELD
JOINT
(TYPICAL) [

Li U U I

LEAD TAB RIBBON SPOTWELDED TO WIRE ELEMENT
0.001 in. DIAM PLATINUM
ELEMENT

APP ROXIMATLENTH

,0.001 in. DIAM ARMOUR D
ELEMENT

In c onjunction with the p r e ceding
effort, several ways of improving gage
reliability and uniformity from gage to
gage are being inve stigated, with par -
ticular emphasis on improvement of the
reliability and uniformity of the joints
which are pre sently spotwelded. Be -
cause of the small 0.001-in, diameter
of the wire, extreme precision is re -
quired in making gages which are con-
sistently uniform, from an electrical
standpoint, and which are capable of
functioning reliably, under transient
heating conditions, in the 500 to 1200*F
te mp er atur e r ang e and he ating r at es
g re ate r than 5 *F /s ec.

PLTIUMELMETAs a consequence, the use of other

- - joining methods including brazing and
0.001 x 1/64 in. WIDE welding t echnique s us ed in making

LEAD TAB mi cr ominiatu re el ect roni c c omp one nt s

is being evaluated. Full use will be
made of the extensive technical ''know-
how'' and experience of the Autonetics

APPROXIMATELY - Division of North American Aviation.
7593-2509 In addition to the development of ways

Figure 5. Installation of A. D-P Strain of improving wire element gages, con-
Gagessideration is being given to ways of
Gagesmodifying the geometry of foil (metal-

film) gages so that they may be suc-
cessfully flame -spray-bonded without damage to the filament, which in conven-
tional foil gages is very thin (approximately 0.0002 in. thick) and has a large
projected area. Specifically, gages are being fabricated from thicker foil, hav-
ing a reduced projected area. Because of the thinness of the foil and the large
projected area, conventional metal film gages are quite susceptible to damage
during the flame-spray process. By using foil, rather than wire, more reliable
and uniformly consistent weld joints should result, since it is obviously easier
to spotweld two relatively large flat surfaces together than it is to ''spot'' a weld
or welds on a 0.001-in. -diameter wire. Further, making the lead tab and one
element of the gage from one piece of foil eliminates the need for separate lead
tabs and the weld joint required when a separate lead tab is used.

IV. EVALUATION OF EFFORT TO DATE

Based upon results of the effort to date, there are no reliable off-the-shelf,
commercially available electric resistance strain gages that can be flame-
spray-bonded for use in evaluating structural behavior of sodium components,
where the temperatures imposed are in excess of 9000*F and the heating rates in
excess of 5*oF/sec. If the joints of the HT 1212-SA gage can be improved, it
maay then be a satisfactory gage for both transient and steady state testing for
periods of time up to at least 500 hr, provided that it is used in conjunction with
a dummy gage. However, until then, it is recommended that it not be used at
elevated temperatures for heating rates in excess of 5*F/sec.
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Below 900*F, the Microdot gage has exhibited very good performance both
under steady state and transient heating conditions. The main drawbacks to this
gage are (a) its relatively large gage length - approximately 9/16 to 3/4 in. ;
(b) its reinforcing effect on thin-shell structures; and (c) its relatively high cost
- approximately 10 times that of other commercially available gages. However,
where strain gradients are not steep and thin structures are not involved, these
drawbacks are not considered serious.

The Armour D-Platinum gage, which must be custom-made, appears to be
the only gage that can withstand both the steady state and transient time -
temperature histories associated with sodium component loop testing, with a
present restriction on service life at 1200* F of approximately 500 hr.

Before a reliable and uniformly consistent 1200* F self-temperature compen-
sating gage can be developed and produced, it will be necessary to continue pilot
fabrication of the Armour D-Platinum gage, incorporating changes in joint de -
sign, joining techniques, fabrication techniques, or perhaps going over to the
foil type Armour D-Platinum gage. Unless this is done, the variation in gage
to gage behavior may be too large for many stress measurement applications.

An examination of Figur es 1 and 4, f or example, indic ate s a subs tantial dif -
ference in drift characteristics in ''production-run'' commercial gages. Once
the reason(s) for this variation is clearly established, it should then be possible
to produce gages that are uniformly consistent, within specified engineering tol-
erances and accuracy.

In Figure 2, one out of three of the Armour D-Platinum gages exhibits a drift
rate that differed substantially from that of the other two, which essentially had
a truly zero drift rate up to approximately 400 hr at 12000*F. The fact that it
was possible to fabricate two of three gages with essentially zero drift rate,
using the same materials and fabrication techniques, strongly suggests that by
changing or improving the joint design and paying meticulous attention to each
step of the fabrication, it should be possible to eliminate the variable(s) re -
sponsible for this variation, and to produce gages having both a high degree of
uniformity and reliability.

Interestingly enough, the fabrication factor(s) responsible for the difference in
drift rate, did not introduce material differences in the room temperature strain
response or linearity of any of four gage samples that were fabricated from wire
from the same spools and using the same fabrication technique as evidenced from
the curves in Figure 3. This suggests that time and temperature have a very
pronounced effect on the variable(s) responsible for gage-to-gage variations.

V. NEXT REPORT ACTIVITIES

During this period, no further evaluation of the B-L-H 1212-5A will be car-
ried out, unless the manufacturer makes substantial improvements in the per-
formance of this gage under transient heating conditions. Additional evaluation
of the Microdot SG 420 gage will be carried out primarily to establish statistical
information from which life probability and confidence levels can be derived.
Particular emphasis will be devoted to further improving the gage-to-gage urn-
formity of the Armour D-Platinum gage. The performance of this gage is be -
lieved better than any commercial gage for use at temperatures up to 12000*F,
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where both steady state and transient conditions exist. Specifically, new joining
techniques and joint designs will be developed and pilot gages fabricated and
evaluated, in order to determine the best type of joint for the wire filament
Armour D-Platinum gage. It is also anticipated that some results on the feasi-
bility of fabricating Armour D-Platinum gages from foil will be forthcoming by
the end of this period.

Concurrently with the above effort, a systematic investigation will be under -
taken to determine the optimum time-temperature history for prestabilizing the
Armour D-Platinum gage, with respect to apparent strain, drift rate, strain
response, gage factor, leakage to ground, linearity, repeatability, and resist-
ance to thermal shock. Compilation of statistical data for this gage will not get
under way until the optimum joint design and configuration of this gage are
established.
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Program: Sodium Component Development

Project: Mechanisms in Sodium

Project Engineer: J. E. Owens

Reporting Period: July -Septembe r 1965 A EC Category: 04 -0 1-04 -3 1

General Order: 7593 Subaccount: 1329

I. PROJECT OBJECTIVES

The objective of this project is to evaluate materials, configurations, and
surface treatments for use in high-temperature liquid sodium or sodium vapor.
Information generated on this project will be applicable to the designs of mech-
anism such as control elements, handling equipment, and variable orifices
which must operate in sodium-cooled reactors.

II. MAJOR ACCOMPLISHMENTS IN FISCAL YEAR 1966

Tests have been designed and equipment partially fabricated to provide infor -
mation on candidate materials for use as bearings and gears in 1200*F sodium.

The testing of a third Bell-Metrics type 316 stainless steel bellows has been

completed.

III. PROGRESS DURING REPORT PERIOD

A material evaluation task has been initiated to provide general performance
data on candidate materials for use in bearings and gears operating in sodium
at 12000*F. Two identical test assemblies which had been built under the LSGR

program (75 19-4450) in FY 1963, on which a limited number of quantitative tests
have been performed, are in the process of reconditioning. These assemblies
have been designed to test a set of meshed spur gears in conjunction with two
journal bearings under controlled load conditions. The equipment has been mod-
ified to permit sodium sampling to determine the sodium oxide concentration.
This information is required because qualitative tests performed in FY 1963
showed that for mechanisms in sodium, friction factors for some of the mate -
rials tested are substantially influenced by the sodium oxide concentration.

A linear bearing test has been initiated with a fixture which had been used in
the evaluation of linear seals for liquid sodium service. The tests had been un-
successful because the seals passed a film of sodium which vaporized when the
shaft moved outboard of the seal. The seal materials of tungsten carbide on
Inconel X base and tungsten over 304 stainless steel were found to be compatible
at 4500 and 800 to 10000*F when rubbed together at slow surface speeds (3 in./min).
The linear bearing test will determine the self-welding and frictional character-
istics of these materials in sodium at 12000*F.

To provide basic information for materials for use in journal bearings de-
signed to operate in sodium at 12000*F, a test assembly has been designed and
fabrication initiated. Materials found to be acceptable in the combination gear
and bearing test fixture will be evaluated for wear and frictional characteristics.
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A motion-multiplying (4x) mechanism which consists of a 2-stage differential
rack and pinion gear system currently is being tested. The test mechanism has
been placed in continuous operation for cycling a 100-lb load at a rate of 1 ft/mmn
over 76-in, distance with a 20-in, input str oke. Cycling in this mode has been
in pr ogr es s for appr oximat ely 14,000 cy cle s, with no s ign of failur e. Cy cling
will continue until failur e oc cur s, to pr ovide ba sic infor mation r egar ding pr ob -
lem ar eas associated with rack and pinion mechanisms.

A motion-multiplying mechanism (using racks and pinions) for operation in
sodium to 12000*F has been designed, and fabrication initiated. With this mech-
anism, the testing of gears without the complication of bearings is possible.
The me chanism will have an input stroke of 3 in. with a 12 -in, output travel.
Tests conducted with the mechanism will determine wear as a function of tooth
loading and allowable gear tooth loads for operation in high-temperature sodium.
Hastelloy C has been selected as the initial candidate material for the racks and
pinions.

Testing of bellows in liquid sodium at a stroke to compressed-length ratio of
4:1I has been concluded. A third Bell-Metrics, type 316 stainless steel bellows
has been tested in 12000*F sodium, and failed after 1895 shim cycles (approxi-
mately 20% of design life). Disassembly revealed that the seventh outer weld
(from the top) failed, leaving the bellows in two sections (Figure 1). Metallo-
graphic examination of the bellows revealed that a weld bead thickness of only
66% of the 0.010 -in, parent metal was obtained during manufacture of the bel-
lows. The inner welds were approximately 20% heavier than the parent metal.
The premature failure of the bellows was caused by insufficient weld penetration
on an outer weld. Two previously tested Bell-Metrics bellows of the same con-
figuration were cycled 40,400 and 43,000 shim cycles, respectively (over 400%
of design life), at the design stroke to compression ratio of 4 to 1 in sodium at
12000*F before developing a leak.

It is believed that sticking of orifice devices in sodium can be prevented by
providing a position seal to exclude sodium vapor and cover gas from the ori-
fice actuator shaft annulus. A test is in progress to evaluate bellows designed
for this application. The effect of environmental and cycling rate on the life,
and sodium fouling characteristics of the bellows will be determined. Four
Bell-Metric type 347 stainless steel bellows assemblies have been installed in a
test vessel. Reactor conditions are approximated by using reflective insulation
and cooling coils at the upper end of the vessel. Provision has been made for
controlled cover gas outleakage. Two bellows assemblies are immersed in
liquid sodium, and two are in the cover gas region. The testing of one pair of
bellows (one at 12000*F in sodium and the other at 4500*F in sodium vapor) has
been completed. This pair of bellows has been cycled continuously 21,200 times
without failure at a stroke to compressed-length ratio of 3:1 (4-in, stroke) at
8 in. /min. The other pair has been half-cycled 12 times (once every half-hour)
by manual means. Automatic cycling of this second pair of bellows is continuing
at a half-cycle rate every 7 hr with 140 half-cycles completed. The tempera-
ture of the bellows located in the sodium vapor has been increased from 450 to
800*F at the completion of 52 half-cycles. Cycling will continue until the bel-
lows have accumulated 500 half-cycles.
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WELD FAILURE

7593-2511

Figure 1. Fatigue Failure of Outer Convolution
Weld Bead

Difficulties associated with the rotation of the HNPF loading face shield
(LFS) have been attributed in part to the condensation and freezing of sodium
vapor within the annulus between the LFS and the cavity liner. In order to pro-
vide information regarding this phenomenon, a test utilizing a rotatable plug
above a pool of molten sodium had been set up, and placed into service in FY
1965. The sodium pool is maintained at 12000*F as a source of sodium vapor,
and agitated continuously by a mechanical device. This facilitates transforma-
tion of liquid sodium to the vapor state. By cooling the upper end of the plug,
the necessary temperature gradient through the length of the plug (1700*F at the
top) is provided. Thermocouples in the plug and in the sleeve measure the
actual temperature profile. The weight of the plug is supported by bearings so
that it can be rotated to measure resistance caused by the deposition of sodium.
Torque required to rotate the fixture has increased from 2 in. -lb (initial torque)
to 3 to 4 in. -lb after 73 days of exposure. Exposure of the plug to high-
temperature sodium will be continued to determine the rate of increase in re-
sistance to rotation.

Tests are in progress to determine the type and effect of sodium vapor de-
posits in various size annuli and nonannular gaps and surface finishes on the
operability of orifice actuator rod and sleeve configurations. The annular and
nonannular gaps exist inside 9 small sleeves (0.640-in. ID), and one large sleeve
1.04-in. ID). Eight of the 9 small sleeves contain circular rods. Four of these
have normal finishes (125 microns), and diametrical clearances of 0.015, 0.055,
0.105, and 0.205 in. The other 4 have fine surface finishes (16 microns) and
clearances which are the same as described for the first 4. The remaining
small sleeve and the large sleeve contain cruciform-shaped rods. None of the
rods extends into the molten sodium. The sleeves are in a simulated shield
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plug region with reflective insulation to establish temperatures of 2000*F at the
top and 6500*F at the bottom, similar to those in the lower 120 in. of a loading
face shield. After 86 days exposure, no increase in the breakaway force was
required to move the cruciform-shaped rods or the 0.015- and 0.205-in, dia-
metrical clearance rods; 3 lb additional force was applied to move the 0.055-
and the 0.105-in, diametrical clearance rods. After 120 days exposure, the
rods will be examined for sodium deposition in radial gaps.

In the same test vessel are four additional sleeves (1.049-in. ID) with (Wig-
gins Ba r-X 17 -4 P H stainle ss ste el) metal s eal ring s at the lowe r end. Thes e
seals act as vapor seals and scrapers for removal of sodium deposits from the
operating shafts or rods. Two seal rings (for Shafts 11 and 14) are located
near the lower reflector plate region in a 600 to 625*F sodium vapor environ-
ment, and two seal rings (for Shafts 12 and 13) are located 10-1/2 in. below the
lower reflector plate in a 970 to 995*F sodium vapor environment. Because of
differential expansion, none of the 1-in. -diamneter, type 304 stainless steel
shafts with hard chrome plating (4-micron finish) in the seal area could be oper -
ated above 4000*F. New shafts (of 17-4 PH bar stock with hard chrome plating
in the seal area) have been installed in three of the sleeves.

IV. EVALUATION OF EFFORT TO DATE

The assembly of various testing fixtures for evaluation of candidate materials
for use as bearings and gears in high temperature sodium has been progressing
as scheduled.

The premature failure of the third Bell-Metrics Type 316 stainless steel
bellows during test was a manufacturing problem which the vendor has recti-
fied by a change in welding specifications. Additional testing of this type of bel-
lows will be continued, to verify bellows manufacturing procedures.

V. NEXT REPORT PERIOD ACTIVITIES

Reconditioning of the combustion gear and bearing test assemblies will be
completed, and material testing in sodium at 1200*F will be initiated. The
linear bearing test to determine the compatibility of tungsten carbide versus
tungsten in sodium (12000*F) will be in operation. Fabrication and installation of
test equipment to provide basic information for journal bearing materials will
be completed. Bench-testing of the motion-multiplying mechanism will be con-
tinued. Fabrication of the motion-multiplying mechanism for operation in 12000*F
sodium will be completed, and preliminary operational tests will be in prog res s.
The orifice seal bellows cycling tests will be completed. The loading face shield
rotational and orifice actuator rod sodium vapor depositation tests will be
continued.
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Program: Sodium Component Development

Project: Installation of B & W Steam Generator

Project Engineer: J. A. Leppard

Reporting Period: July-September 1965 AEC Category: 04-01-04-31

General Order: 7593 Subaccount: 4127

I. PROJECT OBJECTIVES

The objective of this project is to install the B and W steam generator in the

SCTI in preparation for testing.

II. MAJOR ACCOMPLISHMENTS IN FISCAL YEAR 1966

Liaison was established between Atomics International and Babcock & Wilcox.
The first review meeting was held.

III. PROGRESS DURING REPORT PERIOD

Representatives of Babcock & Wilcox and Atomics International met for a
full day's exchange of data about the installation of the B and W boiler at SCTI.
A detailed review of the B and W unit revealed several areas where additional
investigations are required to assure adequate provision for testing the unit.
Lines of communication were established between the two organizations and some
transmittal of data occurred.

IV. EVALUATION OF EFFORT TO DATE

Establishing liaison between the two organizations is the initial step required
to successfully complete the project.

V. NEXT REPORT PERIOD ACTIVITIES

No meetings are anticipated during the next quarter; however, additional cor-

respondence will pass between the two companies.
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Program: Hallam Fuel Surveillance

Program Manager: F. C. Gr onemeyer

Reporting Period: July-September 1965

I. PROGRAM OBJECTIVES

The purpose of this program is to evaluate the performance of fuel elements
in the Hallam reactor. Equipment, methods, and procedures will be provided
to perform pre- and postirradiation examinations of fuel elements and fuel ele-
ment components. The surveillance of the fuel operating parameters is to be
incorporated into the performance evaluation.

II. PROJECT MANAGER'S SUMMARY AND EVALUATION

There was no progress made on the major technical objectives of the pro-
gram. Observations by operations of the fuel storage area revealed the pre -
s enc e of w ate r in s ome fuel s t or age thimble s. None of the thimble s c ontaining
fuel contained water. The source of the water is not directly known, but is
believed to be due to condensation fro m the water -filled storage pit. A further
check of 11 thimbles containing fuel showed the fuel storage atmospheres to be
dry. A minor change in the storage atmosphere was recommended during the
orifice rework effort. Argon will be used rather than helium.

The limited effort this fiscal year has consisted mainly of surveillance of
fuel handling operations as related to the potential reuse of these elements. It
is important that all observations should be evaluated. Since the majority of
elements are unwashed, the contamination of the storage atmosphere or con-
tamination during handling by water vapor must be avoided. This surveillance
directly contributes to determining the criteria for reuse. Continued surveil-
lance of all fuel handling operations is recommended. The report describing
progress to date should be completed. If the HNPF Core II uranium carbide
fuel is planned for near term use, the technical specifications do not allow
washing of these elements. This situation should be resolved prior to use of
these elements such that procedures exist for washing if it is necessary.
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Program: HNPF Fuel Surveillance

Project: Hallam Alloy Fuel Element Surveillance and Examination

Project Engineer: B. R. Hayward

Reporting Period: July -September 1965 AEC Category: 04-0 1-04 -21

General Order: 7617 Subaccount: 1910

I. PROJECT OBJECTIVES

The primary objective of this project is to evaluate the in-pile performance of
the HNPF Core I U - 10 wt % Mo fuel elements. I'his objective is to be accom-
plished by in-pile surveillance of the fuel elements, and performing nondestruc-
tive and destructive examinations of selected fuel elements at specific burnup
levels.

Comparisons of these results will provide the basis for prediction of the irradi-

ation behavior and burnup capability of the U - 10 Mo fuel elements in the HNPF.

II. TECHNICAL PROGRESS DURING REPORT PERIOD

Due to the extended reactor shutdown no in-pile surveillance or postirradia-
tion examinations were performed during this report period.

The discovery of water in four unoccupied thimbles of Storage Cell 2 at the
HNPF initiated a study to determine the possible source and also the effect on the
fuel elements. CPPD checked the atmosphere of eleven storage thimbles, con-
taining unwashed fuel elements, for moisture and reported moisture contents of
1 to 3 gm/in 3 . This reported atmosphere is equivalent in dryness to the mini-
mum humidity in the Sahara Desert at 1000*F. No change was recommended for
the storage condition of the fuel elements, i. e. , unwashed in a dry helium atmos -
phere. The source of water in the four empty thimbles was not definitely
dete rmined.

A change in storage conditions for the fuel elements was later recommended
in connection with an orifice rework proposal. Washing the fuel elements was
recommended to free sticking orifice drives and to eliminate the hazard of handl-
ing fuel element shield plugs coated with sodium. This proposal required re -
moval of the shield plug for modification to the orifice drive, and during this op -
eration the cell atmosphere is not sealed. Therefore, it was recommended that
prior to removal of the shield plug the helium cover gas be replaced with argon.

III. EVALUATION OF EFFORT TO DATE

No effort has been expended to date on the primary objectives of this project.
All fuel handling operations are being surveyed with respect to observations and
incidents that could influence reuse of the stored elements.

IV. NEXT REPORT PERIOD ACTIVITIES

An interim topical report on the accomplishments to date on this program is
scheduled for completion. Liaison with orifice cleaning operations will be
maintained.
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Program: HNPF Fuel Surveillance Program

Project: HNPF-UC Fuel Element Surveillance and Evaluation

Project Engineer: B. R. Hayward

Reporting Period: July-September 1965 AEC Category: 04-01-04-21

General Order: 7617 Subaccount: 1920

I. PROJECT OBJECTIVES

The primary objective of this project is to evaluate the in-pile performance
of the ten UC fuel elements inserted in HNPF Core I and all Core II UC fuel ele-
ments. This objective will be accomplished by: (a) surveillance of the in-pile
performance of the elements, (b) performing nondestructive and destructive post-
irradiation examinations at predetermined burnup levels, and (c) irradiation in
the NRX and postirradiation examination of two NRX 86 long rod capsules.

Comparison of these results will provide the basis for prediction of the irradi-

ation behavior and burnup capabilities of the UC fuel elements.

II. PROGRESS DURING REPORT PERIOD

Due to the extended reactor shutdown, no operating data were accumulated.

The NRX 86, UC-fueled, long-rod experiments adopted by this program from
the LASCR program were discharged and will be buried. The calculated peak
operating temperature of NRX 86-1 has ranged between 1600 and 18000*F, and the
peak burnup is approximately 13,000 Mwd/MTU. The peak operating tempera-
ture of NRX-86-2 ranged between 1350 and 16000*F (calculated)-, and the peak
burnup achieved is approximately 11,000 Mwd/MTU.

III. EVALUATION OF EFFORT TO DATE

The NRX-86-1 and -2 experiments have been removed from the NRX and
arrangements are underway to dispose of the experiments.

No effort has been expended to date on objectives A and B.

IV. NEXT REPORT PERIOD ACTIVITIES

No effort is anticipated. Liaison with orifice cleaning operations will be

maintained.
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Program: Piqua Technical Assistance Program

Project: PNPF Fuel Element Examination

Project Engineer: S. 0. Arneson

Reporting Period: July-September 1965 AEC Category: 04-02-02 -01

General Order: 7615 Subaccount: 1970

I. PROJECT OBJECTIVES

The objectives of this project are to examine and evaluate the performance of
irradiated Piqua fuel elements. Cylinders in ten fuel elements have been given
extensive preirradiation measurements and inspection. Systematic data will be
obtained from the postirradiation examination of the se cylinders with regard to
film formation on the heat transfer surfaces, fuel swelling due to irradiation, and
interdiffusion of the aluminum, nickel, and uranium alloy. These data will be
analyzed and evaluated as a primary basis for establishing the performance cap -
abilities of the PNPF Core I fuel elements.

II. MAJOR ACCOMPLISHMENTS IN FISCAL YEAR 1966

No major activities were undertaken during the first quarter of FY 1966.

III. ACCOMPLISHMENTS DURING REPORT PERIOD

The data obtained from the postirradiation examination of Piqua fuel elements
P-1071 and P-1091 are being consolidated in a single topical report. In prepar-
ing this report, further evaluation was given dimensional change versus burnup
data for the two fuel elements. Using an extrapolation of a least squares fit of
the data, an increase of 0.84% in the outer fuel ring diameter is predicted at a
peak burnup of 1.96 x 1020 fiss /cc (4000 Mwd/MTU). However, based on the
upper envelope of dimensional change data, an increase of 1.2% in outer fuel ring
diameter could occur at this burnup. Firm contact between the outer fuel cylin-
der and outer process tube would result if 1.2% increase in the fuel diameter ac-
tually occurs. Based on the latter possibility, it is planned that a fuel evaluation
element be removed from Piqua Core I when a peak burnup of about 1.96 x 1020
fiss/cc (4000 Mwd/MTU) is attained. An evaluation element should reach this
burnup late in the next report period.

IV. EVALUATION OF EFFORT TO DATE

No major activities were undertaken during the report period.

V. NEXT REPORT PERIOD ACTIVITIES

It is planned to remove a fuel evaluation element which has attained about
1.96 x 1020 fiss/cc peak burnup from Piqua Core I. This should take place during
the latter part of the next report period. Postirradiation examination will begin
in the third quarter of this fiscal year.
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Program: PNPF Development

Project: Core II SAP Clad UC Fuel Element Development

Project Engineer: 5. 0. Arneson

Reporting Period: July-September 1965 AEC Category: 04-02-02-01

General Order: 7629 Subaccount: 1920

I. PROJECT OBJECTIVES

The objectives of this project are the development of processes, specifica-
tions, and procedures for fabricating SAP-clad UC fuel elements for PNPF
Core II; the fabrication of a mockup fuel element for hydraulic testing; the fab-
rication of a Core II prototype element for irradiation in Piqua Core I; and initial
surveillance and evaluation of the prototype element during irradiation in Core I.

II. MAJOR ACCOMPLISHMENTS IN FISCAL YEAR 1966

A decision was made to use the collet technique for making eutectic-bonded
end-closures in SAP -clad fuel tubes for the Core II prototype fuel element. De -
velopment of the magneform-eutectic bonding technique was discontinued.

Continuing investigations of nondestructive testing processes have developed
equipment and testing techniques that are capable of detecting inclusions or other
defects in finned SAP cladding tubes and unbonded areas in eutectic-bonded end-
closures in SAP fuel tubes.

The design of the Core II prototype fuel element was established, and pro-
curement of SAP tubing was initiated. P reparations were made for dilution of
4.9% enriched U-metal to 3.8% enriched U-metal for fabricating the prototype
UC fuel slugs.

III. PROGRESS DURING REPOR T PERIOD

A comparison of current cost and reliability data for the collet-eutectic and
magneform -eute ctic SAP end -closure bonding techniques indicated an advantage
in favor of the collet technique. As a result, the magneform development effort
was discontinued. The reasons for this decision include the following.

1) Cost comparisons on these two processes show no apparent cost sav-
ings for the magneform process for PNPF Core IL~

2) Bond quality and reproducibility appear no better for the magneform
process.

3) Significant development and inspection problems remain to be solved
for the magneform process.

4) With the selection of SAP-UC for PNPF Core II, the number of end-
closure s required for core fabrication is reduced by approximately a factor
of two as compared with the U0 2 design. As a result, the slower collet
bonding process could be used for Core II production within the schedule, on
single -shift ope ration.
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Hydraulic tests were performed on the Core II SAP-U0 2 fuel element mockup
which was fabricated last fiscal year. Although the mockup was significantly
different from the present Core II SAP-UC fuel element design, the test was
made to obtain data on the p r essur e dr op ac r oss finne d tube s in a clo s e-p ack
array. All previous data had been obtained for finned tubes in a spaced-rod

array. The actual pressure drop was determined to be considerably higher than
had hN.en predicted using the data for a spaced-rod array.

Several samples of eutectic-bonded end-closures in SAP cladding tubes were
submitted to two nondestructive testing firms for ultrasonic evaluation of the
bond quality. Both firms were able to detect unbonded areas indicating that
this technique is feasible. Ultrasonic C-scans submitted by the two firms were
evaluated, and both were found to give comparable bond quality information.
One of the techniques, however, gave higher sensitivity and resolution and,
therefore, was easier to read and interpret.

The investigations of radiography and eddy-current techniques for the evalu-
ation of SAP tubing, and ultrasonic techniques for the evaluation of SAP billets,
were continued. Inclusions and other defects were detected by all three tech-
niques. Radiography was found to be capable of detecting iron inclusions as
small as 0.002 by 0.002 by 0.002 in. in the 0.030-in. -thick tube walls. However,
the high cost of radiography will probably prohibit its use for large-scale produc-
tion. Evaluation of the ultrasonic and eddy-current inspection techniques is con-
tinuing. SAP billets s cheduled for extrusion to finned cladding tube s are being
inspe cte d by c onventional ult ra sonic te chnique s. Int ernal and external e ddy -
current coils are being procured for the inspection of SAP tubes to be used for
the prototype fuel element.

A 42-fuel rod, concentric ring array was selected as the Core II SAP -UC
prototype design. Procurement action has been initiated for the SAP tubing for
delivery in December. AEC permission was obtained and effort was initiated to
dilute approximately 150 kg of excess HNPF 4.9% enriched U-metal to 3.8% en-
riched U-metal for fabrication of the prototype fuel slugs.

IV. EVALUATION OF EFFORT TO DATE

The decision to use the collet technique for end-closure bonding will assure
high quality end-closure bonds on the Core II prototype fuel rods. This tech-
nique has been used successfully in the fabrication of irradiation test elements
for the AOMR and HWOCR programs. It is believed that the magneform bond-
ing technique could also be used successfully; however, additional development
effort would be required with only marginal potential improvements in process
capability. Magnetic force welding, being developed under the HWOCR program,
will be considered as the end-closure process for Core II, if developed in time.

The continuing development of equipment and techniques shows significant
promise for utilizing conventional nondestructive testing processes in the inspec-
tion and quality control of SAP-clad UC fuel rods. Additional evaluations are
required to determine the applications and limitations of these techniques in the
production of Core II.
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Completion of the mockup and pr ototype fuel elements is now scheduled for
February 1966, instead of as originally planned in November and December 1965,
respectively. This delay was due to the additional design and analysis effort re-
quir ed, and the long er than expe ct ed lead-time f or SAP tubing pr ocur ement.

No delay is anticipated for completing the materials specifications, process
specifications, and assembly procedures prior to their being required for fab-
rication of the Core II fuel elements.

V. NEXT REPORT PERIOD ACTIVITIES

Fabrication of the prototype and mockup fuel elements will begin and be
nearly completed by the end of the report period. Material specifications for
SAP billets and tubing will be issued, and procurement of billets for Core II will
be begun. Preparation of the nuclear safety feasibility report and fabrication
process specifications will be initiated.
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Program: PNPF Development

Project: PNPF Core II Design

Project Engineer: H. J. Rubinstein

Reporting Period: July-September 1965 AEC Category: 04-02-02-01
General Order: 7629 Subaccount: 1940

I. PROJECT OBJECTIVES

The objectives of this project are to design a SAP-clad UC fuel element for
Core II at PNPF, and to prepare a safeguards summary report for operation of
the PNPF with this new core.

II. MAJOR ACCOMPLISHMENTS IN FISCAL YEAR 1966

This project was initiated in FY 1966.

III. PROGRESS DURING REPOR T PERIOD

A fuel element optimization study was carried out, resulting in selection of
a reference fuel element having 42 SAP-clad UC fuel rods arranged in two
tightly packed concentric annular rings. This element has a stretch capability,
for a 61-element core, well within fuel and cladding temperature limitations of
2000 and 8500*F respectively. It is the smallest number of fuel rods, arranged
in this type of configuration and sized within existing dimensional limitations,
that will allow a single -fuel element cross -section to fit rodded as well as un-
rodded core (control rod position) positions. In comparison with the 48-rod ele -
ment presented in the UC feasibility study, the 42-rod reference fuel element
offers a significant reduction in fuel fabrication costs and, because of fewer
feet of fuel rod cladding and fewer end plug bonds, gives greater reliability.

At the end of this report period the following major work has been accomplished.

1) Layout drawings of the 42-, 44-, 46-, and 48-pin elements were made
to provide necessary nuclear and heat transfer parameters for calculations.

2) Heat transfer analysis was made for the prototype to be placed in
Core I, and complete analysis of the hot-channel element in Core II for the
42- and 48-pin design.

3) Determination of the nuclear control requirements for Core II, and an
evaluation of the available control rod worth for the reference (48-pin) design.

4) Calculation of the enrichment required for the prototype element to give
a maximum powe r of 1.6 Mwt.

5) Design layout and detailed manufacturing drawings of the prototype ele-
ment are under way.

6) The Safety Analysis Report for the Prototype in Core I is 50% complete.
7) A hydraulic test of a mockup (originally made for the U0 2 design) was

underway for pressure drop measurements.

Figure 1 presents the design of the 42-rod element for Core II.
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A. PROTOTYPE

In order to meet the schedule for completion of the prototype and insertion in
Core I by February 1966, it was necessary to proceed with a design which was
most probable for Core II. The prototype must also provide the following
objectives.

1) Provide manufacturing and assembly experience for an element similar
to the Core II loading.

2) Provide about 14 months of operating experience at power levels up to
1.6 Mwt before insertion of Core II in PNPF.

3) Provide in-core surface temperature measurements which simulate the
45 -Mwt as well as the 60 -Mwt stretch condition.

4) Provide shipping and handling experience for UC fuel with particular
interest in the storage pool and the fuel handling machine.

5) Provide an approved safeguards report for the use of UC fuel at PNPF.

The prototype design was selected on September 16, 1965 and is to be iden-
tical with that shown in Figure 1 except for cladding surface thermocouples,
which are not shown, and the upper extension piece to bring out the thermocouple
leads. Design parameters and dimensions for the prototype are given in the fol-
lowing discussions.

B. HEAT TRANSFER AND HYDRAULIC ANALYSIS

A 42-rod element in two concentric rings of equal number or rods has been
selected for the prototype UC fuel element. The geometric data for this design
together with that of the previous reference design (48-rods) is shown in Table 1.
The 42-rod design has the minimum number of rods that can be nested within
the constraints of the fixed outer process tube ID and the minimum GD inner
process tube set by control rod size.

The thermal and hydraulic basis for selection of the 42-rod prototype is pre-
sented in the following. Basic the rmal and hydraulic data applicable to the
analysis used in making the comparison of the 42- and 48-rod element are given
in Table 2. The results of this analysis are shown in Table 1, which also in-
cludes the expected performance of each element as a prototype in Core I.

The results at this point are preliminary and do not represent the final ther-
mal performance evaluation, but they are believed to be sufficiently accurate
for the prototype selection. Power peaking factors, hot-channel factors, and
pressure drop values are under study and maay change the final results. Should
the higher temperatures of the 42-rod design be increased more as a result of
further study, the 48-rod element could be selected for Core II without too much
loss of simulation with the 42-rod prototype in Core I.

Ground rules for the designs include: (1) 61 fuel elements, (2) fuel length of
56.25 in., (3) coolant inlet temperature of 525*0 F, (4) 60-Mwt reactor power
capability with a maximum clad steady-state surface temperature of less than
850*F, and (5) core pressure loss limited by the capacity of the existing pump
with either the small or large impellers.

NAA -SR- -1650
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TABLE 1

CORE GEOMETRIES WITH 42- OR 48-ROD

No. of fuel elements

No. of control rods

Length of fuel (in. )

Finned length of rods (in. )

ID of outer process tube (in. )

Thickness of process tubes (in. )

Fuel rod cladding thickness (in. )

No. of rectangular fins per fuel rod

Cladding fin thickne ss (in. )

Fin twist (degrees per ft)

FUEL ELEMENTS

61

13

56.25

62.5

5.190

0.010

0.025

14

0.030

90

No. of fuel rods per element 42-rod 1 48-rod

No. of small and large rods per
element 21 24

OD of inner process tube (in. ) 2.960 3.180

Element coolant flow area (in.2) 5.578 4.589

Total heat transfer surface (ft2) 3160 2994

Large Small Large Small
Rod Rod Rod Rod

Fuel diameter (in. ) 0.48 0 0.358 0.446 0.342

Cladding ID (in. ) 0.487 0.363 0.45 3 0.347

Cladding OD (in. ) 0.537 0.4 13 0.5 03 0.397

Gas bond thickness (in. ) 0.0035 0.0025 0.0035 0.0025

Fin OD (in. ) 0.671 0.517 0.597 0.475

Fin height (in. ) 0.067 0.052 0.047 0.039

Heat transfer surface area per unit

length of rod (ft2 /ft) 0.2969 0.2294 0.2414 0. 1949

It was assumed that the flow distribution in the core would be the same as
that in Core I. In this core, 41 elements of the inner region have the same flow,
and 20 elements of the outer region are orificed for equal flow. The distribu-
tion of total reactor flow assumed is, then:

Inner flow region = 70.4%
Outer flow region = 23.6%
Bypass flow = 6.0%

100 %.

NAA-SR- 11650
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TABLE 2

BASIC THERMAL AND HYDRAULIC DATA

Reactor coolant inlet temperature (*F) 525

Reactor coolant inlet pressure (psi) 120

Power peaking factors

Radial 1.5

Axial 1.5

Elemental 1. 2

Symmetric axial cosine power distribution, L/L 0.953

Hot-channel factors

Coolant (FAT) 1.20

Film (Fe) 1.40

Heat flux (F ) 1.15

Fraction of heat generated in moderator 0.06

Fraction of heat generated in coolant 0.02

Fin heat transfer efficiency (%) 95

Coolant properties at 5600*F

Density (lb/ft3) 56.4

Viscosity (lb/ft-hr) 1.40

Specific heat (Btu/lb-*F) 0.517

The rmal conductivity (Btu/hr -ft -*F) 0.069

Prandtl number 10.49

Surface roughne ss (in. ) 0.6 x l0~4

Element flow orificing arrangement 2 velocity zones

Ratio flow maximum power element to average element 1.115

The ratio of flow in the maximum powered central element-to-core average ele -
ment flow is 1.115.

The fin lengths for the two sizes of rods in each element was determined so
that maximum temperature of the surface of both small and large rod are equal.
A balance between heat flux from the rods and size of coolant subchannel remov-
ing the heat was achieved by proper sizing of the fins on each rod.

The pressure drop and element velocity calculations were based on the equiv-
alent diameter concept for flow through straight noncircular passages. A clad-
ding surface roughness of 0.6 x 10-4 in. was divided by the equivalent diameter
to give a relative roughness for the channel. This parameter and the Reynolds
number determined the Moody friction factor. An entrance -plus -exit los s of
2.5 velocity heads inside the element was assumed.

NAA-SR-1 1650
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Future thermal and hydraulic analysis of the UC fuel element will consist of
completing an optimization study of a range of rods /element including 44 and 46
rods in addition to the 42- and 48-rod element presented here. Factored into
this study and future work will be an analysis of hot-channel factors, and any
new and better data on power peaking factors and hydraulic friction losses.
Tables 1, 2, and 3 give the results of hydraulic and heat transfer calculations
to date.

C. NUCLEAR ANALYSIS

Preliminary analysis of the nuclear performance characteristics of the UC
61-element core loading was initiated. Group constants as a function of enrich-
ment, over the enrichment range from 2.0 atom % U2 3 5 to 4.0 atom % U2 3 5 ,
were calculated for the 48-pin "reference design'' fuel element. Burnup calcu-
lations covering the same enrichment range were completed.

A fuel enrichment of 3.8 wt %o U2 3 5 was selected for the prototype fuel ele-
ment. The relative power of the prototype element in the Piqua core was cal-
culated as a function of enrichment. The calculations were based on determin-
ing the fraction of core power produced by a fuel element located in the center
of the core. FOG one -dimensional multigroup diffusion theory calculations were
performed with a Piqua Core I element in the center of the core, and also with
the prototype element in the center. The fuel enrichment was selected such that
the prototype element could operate at up to a power level of 1.6 Mwt. The esti-
mated peak fuel element power for Piqua Core II is 1.48 Mwt.

The equilibrium cycle fuel management scheme for the UC 61-element core
loading of Piqua Core II is an 8-batch refueling program. With a 0.80 capacity
factor between shutdowns, this results in a 170-day operating period at 60 Mwt.
Fuel is discharged from the central part of the core at an exposure of 15,000
Mwd/MTU, and fresh fuel is loaded near the core periphery. The fuel enrich-
ment for the fresh elements necessary to maintain this cycle is 2.38 wt % U23 5 .

The initial core loading will be selected to simulate the equilibrium core by
having two enrichment zones. The outer zone will contain fuel of the feed en-
richment and the inner zone will contain fuel of a lower enrichment. Up to four
dummy fuel elements will be used to enhance the exposure of the first core fuel
loading.

Control requirements for the equilibrium core have been estimated for both
45.5-Mwt and 60-Mwt operation. These requirements are as follows.

Requirement %A/
___ ___ ___ ___ ___ ___ ___ 45.5 Mwt I60 Mwt

Equilibrium Xe 2.25 2.45
AT organic 2.01 2.01
A T fuel 1.25 1.54
Burnup 2.81 2.81

Shutdown margin 1.00 1.00

Total 10.72 11.21

NAA-SR-1 1650
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TABLE 3

CALCULATED THERMAL AND HYDRAULIC PERFORMANCE*

Parameter IiCoeICore II

Reactor power (Mwt) 45.5 60 45.5
Maximum element power (Mwt) 1.60 1.475 1.119

Pump impeller size Small Small Large [Small I Large

42 -Rod Ele me nt ____ _______

Core pressure loss (psi) 27.5 18.4 20.4 18.4 20.4

Reactor total flow (gpm) - 14,880 15,750 14,880 15,750

Element flow (gpm) 320 256 271 256 271

Core outlet temperature ('F) - 583 580 569 567

Element outlet temperature (*F) 594 604 600 585 582

Core average heat flux (Btu/hr -ft2) - 59,700 59,700 45,290 45,290

Maximum linear rod power (kw/ft) 14.62 13.49 13.49 22.6 22.6

Maximum specific power (kw/kg U) 32.3 29.8 29.8 22.6 22.6

Peak heat flux (Btu/hr -ft2) 154,900 142,840 142,840 108,360 108,360

Burnout heat flux (Btu/hr -ft2) 778,220 649,300 678,450 680,045 710,625

Average velocity (ft/sec) 18.39 14.71 15.56 14.71 15.56

Maximum velocity (ft/ sec) 20.27 16.27 17.19 16.27 17.19

Heat trans fe r coefficient (Btu/hr -ft2) 1545 1295 1354 1295 1354

Maximum clad surface temperature (*F) 792 820 807 748 738

Maximum fuel surface temperature (*F) 1531 1503 1490 1264 1254
Maximum fuel temperature (*F) 1847 1795 1782 1485 1475

48-Rod Element ________________

Core pressure loss (psi) 27.5 27.0 30.6 27.0 30.6

Reactor total flow (gpm) - 13,830 14,780 13,830 14,780

Element flow (gpm) 240 238 254 238 254

Core outlet temperature (*F) - 588 585 573 571

Element outlet temperature (*F) 616 610 605 590 585

Core average heat flux (Btu/hr -ft2) - 63,010 63,010 47,800 47,800

Maximum linear rod power (kw/ft) 12.80 11.80 11.80 8.95 8.95

Maximum specific power (kw/kg U) 32.7 30.2 30.2 22.9 22.9

Peak heat flux (Btu/hr -ft2) 166,600 153,680 153,680 116,600 116,600

Burnout heat flux (Btu/hr -ft2) 686,040 691,870 733,660 728,520 772,310

Average velocity (ft/sec) 16.80 16.61 17.76 16.61 17.76

Maximum velocity (ft/sec) 18.62 18.43 19.65 18.43 19.65

Heat transfer coefficient (Btu/hr-ft2) 1491 1478 1556 1478 1556

Maximum clad surface temperature (*F) 811 792 778 727 716

Maximum fuel surface temperature (*F) 1509 1437 1423 1216 1205

Maximum fuel temperature ('F) 1786 1693 1679 1410 1399

*Data not specifically referred to core or core average apply to maximum powered element.
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This indicates that a total control rod worth of 11.21% Ak/k would be suffi-
cient to provide a 1% shutdown margin in all cases even in the event that the
center rod remains withdrawn. These results are only approximate; the tem-
perature reactivity defects are extrapolations of the feedbacks calculated for the
U0 2 core loading. It is anticipated that the temperature coefficients for the UC
core will be slightly less negative than those of the U0 2 core. Specifically ex-
cluded from the control requirements is any requirement for transient Xe over-
ride. The criteria for a transient Xe override requirement have not as yet been
established.

Initial calculations of control rod worth in the UC core indicate that the total
worth of 13 control rods is 9.6% Ak/k. This compares with a measured worth
in Piqua Core I of 12% Ak/k and a previously calculated worth for the U02 core
of 12% A k/k. The reason for the discrepancy between the calculated and meas-
ured rod worths has not yet been established; indications are that the surround-
ing UC fuel shields the control rod more effectively than does the U-Mo or the
UO2 fuel. Calculations are under way to evaluate this hypothesis.

D. SAFEGUARDS REPORT

Two Safety Analysis Reports will be prepared, one for the insertion of a UC-
SAP clad prototype in Core I and one for the operation up to 45.5 Mwt of PNPF
with a complete loading of a new UC-SAP clad core designated as Core II.

Initial safety analysis work has been directed toward preparing the prototype
fuel element report. A rough draft of more than 50% of this report has been
completed and work is in progress on the remainder of the report. Completion
of the prototype SAR is scheduled for November 1, 1965.

Criticality analyses of the pool and turret storage facilities show it is safe to
store the 3.8% U 2 35 prototype fuel element in the specified array of Core I
elements.

Several postulated fuel handling incidents were examined. Even for the hypo-
thetical case of dropping a fuel element on the reactor room floor, analysis
shows that the 2-hour dose at the controlled-area-boundary is more than two
orders of magnitude below the reference emergency limits specified in 10 CFR
100.

The fission gas concentration at the controlled area boundary was calculated
for a fuel rod cladding failure at steady-state full-power operating conditions.
Based on pessimistic assumptions, this concentration is below MPC for an un-
restricted area.

IV. EVALUATION OF EFFORT TO DATE

The design of the Core II element is progressing satisfactorily. As design
progresses, two important unresolved questions may require reevaluation of the
design. These are the results of the hydraulic testing and the results of the
control rod worth calculations.

NAA -SR- -1650
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V. NEXT REPORT PERIOD ACTIVITIES

Fabrication drawings for the instrumented prototype element will be re-
leased early next report period. The design layout of the Core II element will
be completed and approved. The Core II fabrication drawings and product
specification will be nearing completion in preparation for release early in the
following report period.

Optimization of the design will be completed. The effect of the hydraulic
testing and control rod worth calculations will be factored into the design.

NAA-SR-l11650
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Program: PNPF Development

Project: PNPF Catalytic Hydrocracking Coolant Processing System

Project Engineer: H. J. Rubinstein

Reporting Period: July-September 1965 AEC Category: 04-02 -02 -01

General Order: 7629 Subaccount: 4310

I. PROJECT OBJECTIVES

The objective of the Piqua hydrocracker program is to establish the technical
feasibility and economic aspects of hydroc racking as a means of reducing cool-
ant makeup costs on an organic cooled reactor. In particular, this program will
provide a basis on which to establish the merit of polymerized organic coolant
reclamation for the HWOCR concept. To carry out this objective, a hydro-
cracker will be installed at PNPF where recycling conditions and irradiation of
hydrocracked products can be achieved.

II. MAJOR ACCOMPLISHMENTS IN FISCAL YEAR 1966

The following major accomplishments have been achieved during FY 1966.

1) Preparation of a program plan
2) Review of the Phillips Petroleum Co. Title I design* of the hydro-

cracker system
3) Points of piping connections established between PNPF and the hydro-

cracker system

Ill. PROGRESS DURING REPORT PERIOD

A program plan was prepared. At the request of the AEC, the program plan
delineated the extent of the efforts of Phillips Petroleum Co. , City of Piqua,
and Atomics International. The responsibilities of the three contractors in-
cluded the following. (1) Title II design; performance tests of the system, and
consultation involving technical aspects of hydrocracker operation and perform-
ance; (2) Review of all aspects of the design, making recommendations to the
Commission, operation of the system, and conducting of chemical analyses;
and (3) Consultant to AEC-COO on all phases of the work. Responsibility for
all aspects of the program as they affect PNPF, including preparation of a
Safety Analysis Report. Analysis of the hydrocracker operation and perform-
ance in conjunction with the HWOCR program.

The Phillips preliminary design was reviewed and a number of comments
and suggestions were presented. Principal among the comments was the sug-
gestion that smaller catalyst beds be used for the initial stages of operation.
It was further suggested that no attempt be made to convert HB at the rate of its
formation in PNPF during the early stages of hydrocracker operation. Thus the

*Phillips Petroleum Co., "Revised Design for Piqua Hydrocracker AEC Con-
tr act No. A T(l0 -l)-12 15, " June 1965
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hydrocracker and PNPF would be operated independently during
period, when performance of the new system may be uncertain.
smaller catalyst beds during this period makes possible the use
more easily handled, quantities of coolant.

the early test
The use of

of smaller and

A proposed schedule of milestones over the next six months was established
as follows.

Mile stone

Oct obe r 22, 1965

November 1, 1965

February 1, 1966

March 1, 1966

May 1, 1966

P &I dr awing s, p reliminary t o T itle II dr awing s,
to be completed.

First of Title II drawings delivered to COO. The
first drawing will be the hydrocracker mechanical
design.

Safety Analysis Report (SAR) completed.

Complete review of SAR

Review by DR&L completed and construction per -
mit issued.

Points of tie-in between PNPF and the hydrocracker system were selected.
Coolant to be treated will be taken from the PNPF system immediately upstream
of the column feed heater. Provision will also be made to feed high boilers from
the RB decay tank to the hydrocracker system, so that highly concentrated RB
streams can be treated on the catalyst bed. Hydrocracked product coolant will
return to the PNPF coolant system through the degasifier. During the early
stages of operation, when hydrocracked coolant will not be returned directly to
the PNPF system, the hydrocracker product will be stored in one of the PNPF
new coolant storage tanks. If analyses indicate that the coolant is of reactor
quality, it will be pumped to the auxiliary building drain tank, and from there
metered into the PNPF system. If the hydrocracker product is initially not suit-
able for use on the reactor, it will be transferred to the RB decay tank for dis -
posal in the PNPF waste -fired boiler.

IV. EVALUATION OF EFFORT TO DATE

The Piqua Hydrocracker Program was initiated during this report period.
Thus the effort during the quarter has been mainly one of organization and plan-
ning. The Program Plan recommended the program as a 4-yr effort covering
all phases of design, construction, testing, analysis, and licensing. The Title I
design of the Phillips Petroleum Co. was reviewed, and suggestions were made
for the continuation of design under Title II.

V. NEXT REPORT PERIOD ACTIVITIES

During the next report period, the Title II design, as completed by Phillips,
will be reviewed. The proposed method of connecting the hydrocracker to PNPF
will be submitted. Work on the SAR will be started and specifications for addi-
tional chemistry laboratory space at PNPF will be prepared.

NAA-SR-l 1650
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Program: General Research, Reactor Physics Studies

Project: Age Measurements

Project Engineer: H. A. Morewitz

Reporting Period: July-Se ptembe r 1965 A EC Category: 04-40 -0 1-0 1

General Order: 7604 Subaccount: 1311

I. PROJECT OBJECTIVES

The objective of this project is to investigate the slowing-down propertie s of
fission neutrons in various metal and moderator mixture s. These measurements
are compared with Monte Carlo calculations, to determine the accuracy of the
microscopic, fast, neutron cross-section data used in obtaining group-averaged
crossrsections for reactor design codes. In many cases, a direct measurement
of these cro5ss- sections is not feasible over the energy range needed. In such
cases, the cross-section must be calculated; in other cases the measured cross-
section must be evaluated. Age measurements repre sent an indirect method of
checking out the se cross-sections.

II. PR OGR ESS D URING R EPOR T PERIOD

A. AGE OF ALUMINUM-WATER MIXTURES

The age measurements in several aluminum-water moderator mixtures were
completed. The theoretical analysis has been compared in considerable detail
with corresponding experiments. 1

Comparison of the Monte Carlo calculations with experiments for the neutron
age and higher moments is pre sented in Table 1.

TABLE 1

NEUTRON AGE AND HIGHER MOMENTS IN ALUMINUM-WA TER MIXTURES

Al/HO2 4 4 8 6
A/20 Age (cm ) M 4 (l0cm ) M6 (10cm )

0.000 calculation 26.5 0.1 9.99 * 0.15 1.86 0.06
experiment 26.6 0.3 9.45 0.50 1.39 * 0.20

0.250 calculation 33.8 * 0.2 14.36 * 0.27 2.78 * 0.11
exper-iment 33.9 i 0.6 14.50 0.25 2.68 0.04

0.500 calculation 41.3 0.3 19.77 * 0.35 4.07 0.18
experiment 43.2 0.8 21.60 0.70 4.40 0.30

1.000 calculation 57.2 * 0.3 33.41 0.50 7.62 * 0.27
experiment 59.6 * 0.9 37.10 0.65 8.83 0.23

2.000 calculation 90.1 0.4 70.56 0.77 18.65 0.44

NA A-SR- 11650
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The effect of the inelastic scattering and elastic scattering anisotropy in
aluminum on the neutron age and higher moments is given in Tables 2 and 3,
re spe ctively.

TABLE 2

EFFECT ON NEUTRON AGE AND HIGHER MOMENTS OF
INELASTIC SCATTERING IN ALUMINUM

2 4 4 8 6
Al/H2 0 Age (cm ) M4 (10 cm ) M6 (10 cm )

0.25 * 33.8 * 0.2 14.36 0.27 2.78 d0.11

t 35.2 * 0.2 16.42 0.34 3.60 0.17

0.50 * 41.3 * 0.3 19.77 * 0.35 4.07 * 0.18
t 44.3 * 0.3 24.70 0.50 6.25 0.29

1.00 * 57.2 * 0.3 33.41 * 0.50 7.62 * 0.27
t 63.6 0.4 46.96 * 0.97 15.88 0.89

2.00 * 90.1 0.4 70.56 0.77 18.65 0.44
t 103.2 0.6 106.96 * 1.72 42.95 1.56

*Inelas tic s catte ring in aluminum include d.
t No ela sti c s catte ring in aluminum include d

TABLE 3

EFFECT ON NEUTRON AGE AND HIGHER MOMENTS OF
E LASTIC SCA TTERING ANISOTROPY IN ALUMINUM

Al/H2 0 Age (cm2) M4 (10 cm ) M6 (108cm )
0.25 A 33.8 + 0.2 14.36 + 0.27 2.78 + 0.11

I 32.2 + 0.2 12.63 + 0.21 2.22 + 0.08

0.50 A 41.3 + 0.3 19.77 + 0.35 4.07 + 0.18
I 38.2 + 0.2 16.03 + 0.24 2.80 + 0.09

1.00 A 57.2 + 0.3 33.41 + 0.50 7.62 + 0.27
I 51.4 + 0.2 24.96 + 0.27 4.44 + 0.09

2.00 A 90.1 + 0.4 70.56 + 0.77 18.65 + 0.44
I 80.1 + 0.3 52.39 + 0.44 10.90 + 0.19

A = Anisotropic elastic scattering in aluminum.
I = Isotropic elastic s cattering in aluminum.
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The theoretical analysis of the age measurements was extended by using two
other sets of aluminum cross-se ction data. The re sults of this analysis is
pre sented in Table 4.

TABLE 4

CALCULATED NEUTRON AGE AND HIGHER MOMENTS IN
ALUMINUM-WATER MIXTURES

Al/H O Cross-Section Ag2 4 4 8M66
'2 Set (cm ) (10 cm ) (10 cm )

0.25 Ref. 2 33.8 d0.2 14.36 * 0.27 2.78 0.11

3 33.8 0.2 14.77 * 0.30 3.04 0.14

4 33.9 * 0.2 14.61 0.28 2.89 * 0.12

0.50 Ref. 2 41.3 * 0.3 19.77 * 0.35 4.07 0.18

3 41.1 0.3 19.71 0.35 4.08 0.18

4 41.3 0.3 19.75 0.35 4.04 * 0.18

1.00 Ref. 2 57.2 * 0.3 33.41 0.50 7.62 * 0.27

3 56.7 0.3 32.98 0.49 7.49 0.27

4 57.5 0.3 33.82 0.50 7.73 0.27

2.00 Rsef. 2 90.1 0.4 70.56 * 0.77 18.65 0.44

3 89.3 * 0.4 70.96 0.85 19.55 * 0.58

4 90.5 * 0.4 71.71 * 0.88 19.51 * 0.85

Since the metal plate s used in the measurements were 1100-H 14 aluminum
alloy (aluminum and approximately 0.5% iron and 0.2% coppe r), a final calculation
was performed to determine the effect on the neutron age and higher moments of
the impuritie s. The copper was mocked up by iron and the re sults of the calcu-
lation is given in Table 5.

The re sults pre sented in Table 1 are illustrated by Figure s 1, 2, 3, while
Figure s 4, 5, 6 illustrate the re sults of Table s 2 and 3.

B. NEUTRON AGE IN WATER

5A new set of oxygen cross-section data, const ructed at KAPL, was obtained
re cently. The data was based on both new experimental re sults and sophisticated
theoretical models. This information was readily transformed into the AIENDF
format and seve ral Monte Carlo calculations for the neutron age and highe r mo-
ment s in wate r we re pe rforme d. The r esults of the se calculations, compare dwith
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TABLE 5

EFFECT ON THE NEUTRON AGE AND HIGHER MOMENTS OF THE
IMPURITIES IN 1100-H 14 ALUMINUM ALLOY

A/20 Ae(m) M4 (10 cm ) M6 (10 cm6

0.25 * 33.8 + 0.2 14.36 + 0.27 2.78 + 0.11

t 33.8 + 0.2 14.37 + 0.26 2.77 + 0.11

0.50 * 41.3 + 0.3 19.77 + 0.35 4.07 + 0.18

1 41.5 + 0.3 20.01 + 0.36 4.17 + 0.19

1.00 * 57.2 + 0.3 33.41 + 0.50 7.62 + 0.27

1 57.5 + 0.3 33.59 + 0.47 7.53 + 0.22

2.00 * 90.1 + 0.4 70.56 + 0.77 18.65 + 0.44

1 91.0 + 0.4 72.25 + 0.79 19.38 + 0.45

* Calculation
t Cal culation

doe s not include impuritie s.
doe s include impuritie s.
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both previous calculations 6

analysis and comparison of
MEMO-11239.

and measured value s,7 are pre sented in Table 6. An
the several sets of oxygen data is given in NAA-SR-

TABLE 6

NEU TRON AGE AND HIGHER MOMENTS IN WA TER

Ag c 2  4 6 8 6
__________ Age___(__m__) M 4 (10 cm ) M 6 (10 cm)

Experiment 26.46 + 0.32 9.34 + 0.50 1.37 + 0.20

AIENDF 26.14 + 0.19 9.67 + 0.22 1.76 + 0.10

KAPL 26.46 + 0.18 9.90 + 0.20 1.80 + 0.10

III. EVALUA TION OF EFFOR T TO DATE

Theoretical calculations of the neutron age and higher moments of the slowing-
down distribution for several aluminum-water mixtures were compared with
re sults of the experimental program of age measurements. The reasonable
agreement between measured and calculated values for the neutron age and fourth
moments indicate s that the cr os s -se ction and a ss ociate d angular data use d in the
calculations are satisfactory. The discrepancy between the measured and calcu-
lated sixth moments is believed due to uncertainty in the extrapolation of the
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measured distribution to infinity. While the contribution of the extrapolated
portion of the curve is negligible for the case of the second and fourth moments,
it represents a large fraction of the measured sixth moment. The value of the
measured sixth moment is highly sensitive to the method of extrapolation.

The technique of measurement and the theoretical analysis have been developed
to a high degree, permitting routine measurements of the age and higher moments
with high pre ci sion. The total, the ela stic s catte ring, and the diffe re ntial elastic
scattering cross-sections for oxygen, hydrogen, carbon, zirconium, iron and
aluminum have been validated to a satisfactory degree from 1 to 10 Mev.
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I. PROJECT OBJECTIVES

The objective of this project is to investigate the diffusion properties of neutrons
in different materials such as water, graphite, and beryllium, using both steady
state and pulse techniques. As the neutron temperature from a steady state source
is different from that of a pulsed-source, a comparison between the two re sults
provides a check on the accuracy of the scattering kernel. The technique is a
fairly sensitive te st, as small change s in the geometric size of the medium cause
corre spondingly small change s of the asymptotic neutron spe ctrum. A good
scatte ring theory should be able to predict the diffusion parameter s which may be
cal culate d fr om the se experiment s.

II. PROGR ESS DURING REPOR T PERIOD

A. PULSED MEASUREMENTS IN DIPHENYL

Pulsed neutron measurements in diphenyl at 85, 105, and 24*C have been
completed and the data analyzed, using both the conventional 3-parameter fit of
X. versus p 2 and the heat transfer approach. Table 1 summarize s the results.
Average density of the solid was 1.066 gm/cm3 . Density of the liquid was about
0.99 gm/ cm3 at 850 C, and 0.98 gm/ cm3 at 105 0 C.

TABLE I

SUMMARY OF PULSED MEASUREMENTS IN DIPHENYL

Power Serie s Fit

turper-IX l3sec~ ) Do(l0cmsec~ ) C(l04cmsec~ ) Y(l04sec~

24 3.114 * 0.019 4.84 0.05 2.19 0.21-

85 2.90 1 0.033 6.26 0.08 4.29 0.43-

105 2.8 54 0.029 6.59 0.08 3.72 * 0.43-

Heat Transfer Fit

24 3.108 0.029 4.90 * 0.08 - 4.09 * 0.70

85 2.895 * 0.022 6.37 0.07 - 3.15 * 0.27

105 2.829 0.026 6.73 0.08 - 4.16 0.50
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A final article to be submitted for publication is in preparation. A talk on the di-

phenyl results will be presented at the Washington, D. C. , meeting of the ANS.

B. PULSED MEASUREMENTS IN GRAPHITE

The variation of the diffusion length of thermal neutrons in graphite with tem-
peratures was measured initially at Hanford(l) and later by Zherzerun and
Korolev. (2) The Hanford measurements covered a temperature range from 22 to
6000* C. A fte r cor r ections we re made fo r chang es in g raphite den sity and nit ro -
gen content, the measurements were fitted to the expression

L2(Tw .(l

with w = 0.48 0.005 (where the standard error rather than the quoted 95% con-

fidence limit of 0.01 is used). If we assume v~a is a constant,

D iT Atr _T\w- /
D- -- or- = -- ... (2)
o \o/ tr o

where T is the reference (room) temperature.
0

For this type of measurement, the transport mean free path has a slight tem-
perature variation equal to

() -0.02 0.005

The Russian measurements confirmed this dependency up to 3500 C and, in
addition, an auxiliary experiment was performed. To separate the variation
caused by the change in the temperature of the spectrum from the effect caused
by the thermal vibrations of the scattering atoms, a beam transmission measure -
ment of the scattering cross section was performed. The temperature of a 2-cm-
thick disk of graphite and the exit temperature of a neutron beam from a thermal
column were varied independently. When the temperature of the spectrum was
varied from 10 to 3620*C with the temperature of the scattering disk constant, no
change was observed in the scattering cross-section. With the spectrum at room
temperature, a 3.5% increase in the scattering cross-section was observed for a
change in disk temperature from 18 to 3400*C. Within the experimental error,
the variation of the transport mean free path of graphite may be ascribed entirely
to the temperature change of the moderating atoms and is independent of the
spectrum temperature. Baumann(3 ) has introduced a convention to indicate both
the moderator and spectrum dependence. If the diffusion coefficient is written
as D(T , T ), the first temperature term is that of the moderator and the second
that of the spe ctrum.

In both static and pulsed diffusion length experiments, the difference between
the spectrum temperature and the moderator temperature was not taken into
account. For an infinite medium, diffusion heating occurs and the spectrum is

NAA -SR-i11650
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warmer than the Maxwellian at moderator temperature. In the Hanford meas -
urements, the finite size of the graphite stack was such that the leakage caused
the spectrum to be slightly cooler than the moderator temperature at the higher
temperatures where L is large and warmer near room temperature; however,
w = 0.48 t 0.01 is probably valid for spectrum and moderator at the same tem-
perature, where the standard error has been doubled.

In experiments at room temperature where the spectrum is hardened by poison-
ing, the transport mean free path must be regarded as constant. In pulsed meas-
urements where diffusion cooling occurs, the transport mean free path may vary
if the spectrum is cooled enough so Bragg scattering occurs; however, valid
decay constants may not be obtained when crystalline effects become important.( 4 )
For most of the valid range of pulsed decay data in graphite, the best assumption
is that the transport mean free path is constant or w = 1/2.

In the previous spectral correction analyse s(5,6) of pulsed decay data in graph-
ite, a value of w = 0.48 0.01 was assumed. In this approach a least squares fit
is made to vga, D (T , T0 ), and Y, the heat transfer coefficient from moderator
to the neutron spectrum (in place of C the diffusion cooling coefficient). To the
first approximation w2 /y is constant, so y is sensitive to the input value of w,
while v~a and D0 (T0 , T0 ) are practically unaffected. For a buckling range of
-3.685 x 10 - cm-2 (steady state point) to 1.057 x 10-2 cm-2 in graphite of den-
s ity 1.689 g /cm 3 , the value s obtaine d us ing the late st te chnique( 6 ) ar e lis te d in
Table 2.

TABLE 2

PU LSED DIFFUSION PARAME TE RS A T 23.5* C
GRAPHITE (p= 1.689 g/cm3 )

w I 0.50 0.01 0.48 0.01

v3 a(se c ~) 77.76 0.47 77.79 t 0.47

D (105 cm2 sec I) Z.0942 0.0056 2.0940 0.0055

y(sec~ ) 1772 99 1620 97

The preferred value of 7 is 1772 t 99 sec-1 and the inverse of y is the thermali-
zation time constant, tau = 564 32 Msec. Corrected to a density of 1.6 g/cm3 ,
the value is tau1 .6 = 59 34 MLsec.

C. STEADY STATE EXTRAPOLATION LENGTH MEASUREMENTS

A detailed analysis is being made of the data from the horizontal measure -
ments in the 36- by 36-in, graphite stack and the 28- by 28-in, stack in an at-
tempt to resolve the discrepancies in the resulting extrapolation lengths. Sev-
eral possibilities are being investigated: (1) 5th harmonic effects, (2) heteroge-
neous stack density, (3) effect of micarta under the stack, (4) foil orientation,
(5) foil-holder effects, and (6) foil calibrations.

NAA-SR-1 1650
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III. EVALUATION OF EFFORT TO DATE

The pulsed measurements in diphenyl have been completed, and a final report
is being prepared for publication. The report on the pulsed measurements in
graphite have been published previously. This completes the pulsed neutron
studies in support of the project objectives. The program is progressing satis-
facto rily.

IV. NEXT REPORT PERIOD ACTIVITIES

The static measurements in graphite are continuing in order to resolve some

apparent discrepancies in the measured extrapolation lengths.
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I. PROJECT OBJECTIVES

The objectives of this project are related to the production of a good, up-to-
date, basic set of nuclear data. To accomplish this we intend to: (a) survey,
analy ze, and c ompile e xisting experimental and the ore tic al info rmation on neutr on
cr os s -se ctions and angular data; (b) pr ovide automate d ac ce ssibility to use rs of
cross-section data (microscopic data, group libraries); (c) provide automated
reference to and retrieval of cross-section information; and (d) use nuclear model
calculations to help fill gaps in cross-section data.

II. PR OGR ESS D URING R EPOR T PE RIOD

A. LIBRARY DEVELOPMENT

A multigroup library in 35-group structure was produced for use with the
CAESAR1I code. This library is de signated as the ''standard library, ''having
a l/E spectrum weighing of up to 3.29 mev and a fission spectrum weighing from
3.29 to 10 mev. Further work on multigroup library development will continue
following the updating and expansion of the Atomics International Evaluated
Nucle ar Data File (AIE NDF). The latte r pr oje ct will be comple te d by January, 1966.

B. THEORETICAL MODEL ANALYSIS AND DATA DEVELOPMENT
238

A revised set of calculated nuclear data has been produced for Pu and
Cm2 4 4 . Ne gative ene rgy r esonance par ame te rs in the single -level Br eit- Wig ne r
approximation were used to calculate thermal neutron data. Measured re sonance
parameters were used in the re solved re sonance region, while in the unre solved
re sonance region ave rage re sonance par amete rs de rive d fr om the re solve d data,
were used. A nonspherical optical model was used to generate fast neutron cross
sections; capture, fission and inelastic scattering were assumed to proceed by
means of the compound nucleus mechanism yielding to a Hauser-Feshbach 23
statistical treatment. Group constants in 16-and 35-group structure s, for Pu3
and Cm2 4 4 , are pre sently being pr epare dfor the multig roup diffusion and tr ans por t
the ory neutr onic c ode s at Atomic s Inte rnational.

C. PROCESSING PROGRAM DEVELOPMENT

1) A number of IBM 7094 computer programs which further enhance the
automation of the Al cross section project, were written or modified and checked
out. These include ADT, a program which maintains, updates, and corrects the
Al angular data tape; AROCS, a code to average rapidly oscillating cross-sections
(i. e., the sodium data of Hibdon) and thus allows the use of an average cross-
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section on the coarser AIENDF energy grid; the usefulness of the MALINDA code
was extended by simplification of input and the addition of log-log and log-linear
inte rpolation subroutine s.

The work of combining GRAVE, T RIXIE, PIM n OTATit h

comprehensive program GRISM is nearing completion. Problems of intercode
compatibility have been re solved and some initial runs of the GRAVE-TRIXIE
combination have been rewarding. The addition of PRISM and CONTRACT will
permit this package of programs to generate multigroup libraries from start to
finish in minimum time with maximum pe rformance.

The tape conversion program, TCP, which permits intercomparison between
the Aldermaston and Atomics International Evaluated Nuclear Data Files has
been extended to permit comparisons of the AIENDF with the Los Alamos evaluated
nucle ar data file s. Furthe r extension of this pr og ram to pe rmit comparis on of
the AI data file s with tho se of the Live rmor e Radiation Labor atory and Br ookhave n
National Laboratory is currently underway.

A computer code to generate Doppler broadened point cross section data in the
resonance region was written and checked out. This program has been used to
generate room temperature data for U2 3 5 and U2 3 8 based on the zero degree
Kelvin Karlsruhe6 data. The theory and related programming of this code is
currently being documented.

D. Al NUCLEAR DATA FILE

Evaluated data from the Aldermaston Data File has been retrieved, punched
on data cards and plotted. This data will be used in the forthcoming updating and
expansion of the AIENDF. The elements taken from the Aldermaston data tape
are as follows.

Tritium Fluorine Calcium Th-232

Helium 3, 4 Aluminum Coppe r U -233

Lithium 6, 7 Silic on Cadmium U -234

Be ryllium Sodium Titanium U -236

Boron 10 Chlorine Zirconium Pu-239

Carbon Chr omium Gallium Pu- 240

Nitr ogen Iron Xenon Pu-241

Oxygen Nickel Lead

A comparison of measured and calculated infinitely dilute re sonance integrals
for the fissionable isotope s U2 3 3 , U235 and Pu2 3 9 has been undertaken so that
criteria and procedure s for determining the amount of smooth background capture
and fission cross-sections to be added to the single-level re sonance calculation
may be assessed. Calculations for the fissionable isotopes, based on the single-
level Breit- Wigne r formalism unde r estimate the re sonance inte g ral. Evidence
indicates that resonance integral calculations based on multilevel formalism tends
to minimize this discrepancy. Efforts, as yet unsuccessful, are being made to
obtain the serie s of multilevel Fortran programs developed by the Adler's.7,8
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A considerable amount of elastic scattering angular data has been compiled
preliminary to the updating and expansion of the AIENDF. In all case s, the
differential scattering data is converted into a Legendre expansion of order nine
or higher. The Legendre coefficients are than used to reconstitute the cross
section. The following nuclides have been succe ssfully analyzed by the foregoing
proce ss.

Tritium Fluorine Copper Tantalum

Helium 3, 4 Magne sium Zinc Tung ste n

L ithium 6, 7 Silic on Niobium L ead

Nitr og en Calcium Cadmium Titanium

The initial data was taken primarily fr om BNL-400 ; however, more re cent
measured information as well as theoretical calculations are being used to fill
gaps. Documentation of data source s and methods of evaluation and compilation
is proceeding.

III. EVALUA TION OF EFFOR T TO DA TE

Satisfactory progress is being made in the efforts associated with the updating
and expansion of the AIENDF. The extension of the tape conversion program to
tre at data file s of othe r installations ha s g re atly incr e ase d the utili zation by the
cross-section project of available nuclear data files. The integration of the
various individual processing programs for the production of multigroup librarie s
has proceeded to the point where optimal production of multigroup librarie s, in
terms of computer time and personnel effort, will soon be achieved.

IV. NEXT REPORT PERIOD ACTIVITIES

Programming, checkout and documentation of GRISM will have been completed.
Efforts associated with the updating and expansion of the AIENDF will continue,
as will the programming work relate d to converting the Livermore and Brookhaven
data files. Documentation of theoretically determined Pu2 3 8 and Cm2 4 4 cross-
sections will be finished. Methods for the production of higher-order Pn aniso-
tropic scattering matrice s for use in transport theory code s will be developed.
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I. PROJECT OBJECTIVES

The objectives of this project are to: (a) refine further the techniques origi-
nally developed at this laboratory for measuring Doppler reactivity coefficients;
(b) investigate the Doppler coefficients of various fuel and fertile materials in a
variety of fast spectra; (c) provide better understanding of temperature-induced
re activity change s by analytically and experimentally inve stig ating the se change s
at cryogenic as well as very high temperature s; and (d) investigate re sonance -
overlap and interference effects, and the effect of varying the surface-to-mass
ratio.

II. MAJOR ACCOMPLISHMENTS IN FISCAL YEAR 1966

Measurements of reactivity and temperature coefficients have continued in
Core 13, with a 30-vol% carbon test region. The temperature coefficients of
tung sten, tantalum, thorium metall and oxide), U2 3 5 (metal, oxide, and carbide),
22% enriched uranium, and U 38 (metal and oxide) have been measured in the
standard core and in some polyethylene blankets. Improved blankets have been
constructed. Apparatus has been assembled for measurements down to 20*K.

III. PROGRESS DURING REPOR T PERIOD

The temperature coefficients of several nonlissile materials were measured
in the standard core and in some polyethylene blankets. These materials are
tungsten, tantalum, U2 3 8 (metal and oxide), thorium (oxide and 0.25-in. -diameter
metal). The expansion coefficient for these materials is generally a small
fraction of the total temperature coefficient and so the se measurements closely
approximate the Doppler coefficients.

The measurements of the tungsten reactivity have been corrected for expansion
by a calculated value for the expansion reactivity. The Doppler effect of a 187-gm
sample is -2.9 x10-5 H/*C in the standard core and -1.1 x10-4 /o*C in the 1/2-in.
polyethylene blanket, be twe en 20 and 8000* C.

A sample composed of U2302 powder in an Invar capsule has been used in an
attempt to reduce or eliminate the expansion effect. Invar has a very low thermal
expansion in the temperature range involved and so constrains the fissile ma-
terial. A negative temperature coefficient was measured in the 1/8-in, poly-
ethylene blanket and also in the 3/8-in, polyethylene blanket, greater in magni-
tude than that of the standard size metal sample. However, the sample is much
le ss dense than planne d (20% TD), r esulting in a ve ry large ma ss cor re ction; and
the powder is sufficiently loose that it shifts during oscillation.
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Measurements of the reactivity of a 1/4-in. -diameter U23 sample in the
1/2-in, polyethylene blanket show very clearly the competing effects of expansion
and Doppler broadening. In this core the expansion effect is positive and linear
with temperature, while the Doppler effect is negative and varie s approximately
as the square root of the temperature above 20*0C. Thus, the reactivity change
is negative initially, reaches a minimum, passe s through zero at about 50000,
and be come s po sitive .

A thorough study of the polyethylene blankets with thermal and threshold
fission counters has shown that the flux and spectrum inside the blanket are
severely affected by a gap in the polyethylene caused by the faces of the fuel
drawers. In addition, these blankets are poorly represented by the spherical
approximation use d in the r eactor calculations.

New 1/8-in, and 1/2-in, blankets have been constructed to improve the uni-
formity of the neutron flux. The se blankets are longer and extend continuously
across the parting plane of the reactor. Also, some parts of the blanket not
directly surrounding the sample have been eliminated. Fission counter traverses
through the new blankets indicate that the flux and spectrum are much more uni-
form across the sample space than in the old blankets. A repetition in the se new
blankets of the experiment to determine the reactivity coefficient of expansion of
U 2 3 5 indicate s, however, that this coefficient doe s not change significantly be -
tween the old and new blankets; i. e. , the change is le ss than 10%.

The cryogenic apparatus using the Cryotip refrigerator has been operated
succe ssfully, cooling a stained ss steel sample to 60*K with an axial temperature
difference of 8*K.

Twelve spherical photoneutron sources have been fabricated for source-
importance measurements. The sources are Sb-Be, La-Be, Na-Be, La-D,
Na -D.

A prototype high-temperature oven has been constructed. This oven has
operated satisfactorily at above 125000. This appears to be the upper operating
limit of some of the materials used, and so more stable replacements have been
obtained.

IV. EVALUA TION OF EFFOR T T O DA TE

Additional methods for determining or reducing the expansion effect in tem-
perature coefficient measurements have been developed. The temperature range
in which measurements may be made has been greatly increased by development
of the high-temperature oven and the cryogenic refrigerator.

V. NE XT R EPOR T PE RIOD A CTIVITIES

Comprehensive investigation and improvement of the moderating blanket tech-
nique will be conducted. Measurements with the cryogenic apparatus will be made
in the temperature range where crystal binding effects may be observable. The
neutron importance shape in all core configurations will be measured with small
photoneutron sources. The next core loading will be planned. Apparatus may be
borrowed for spectrum measurements between 10 kev and 2 Mev byuse of hydrogen-
filled proportional counters.
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Program: Reactor Fuels and Materials; High Temperature Materials
Development

Prjet Structure, Properties, and Fission Effects in UC and OtherProict:Refractory, Interstitial Fuels
Project Engineer: C. E. Weber

Reporting Period: July-Septembe r 1965 AEC Category: 04-40 -02-09

General Order: 7551 Subaccount: 4539

I. PROJECT OBJECTIVES

The objectives of this project are to: (a) use and develop, where necessary,
the most advanced methods to prepare pure, single and polycrystalline material
of controlled structure and stoichiometry; (b) precisely determine selected
microstructural attributes and mechanical and physical properties required
both to establish the potential for these materials as nuclear fuels and to provide
a basis for interpreting and understanding irradiation behavior in terms of atom-
istic transport phenomena; (c) apply current solid state theory developed for
metallic fuels to obtain an understanding of the processes and mechanisms in-
volved in fission damage in order, and (d) use knowledge gained therefrom, and
also apply to these materials the general theory and experimental techniques
developed to reduce and control swelling in metallic fuels and demonstrate such
control in refractory fuels.

II. MAJOR ACCOMPLISHMENTS IN FISCAL YEAR 1966

A study of the effects of electron-beam traverse-rate and rotation on the
quality of single crystals grown by zone-refining has resulted in the production
of a single-phase single crystal of UC directly by zone-refining, without a de-
carburization step. The key was the use of a fast traverse rate to minimize
uranium vapor loss.

Analysis of data on induction zone-melting has permitted calculation of the
shape of the phase diagram near the UC composition at its melting point. The
shape agrees with the currently accepted diagram, which has been estimated
from other types of data.

Further work on quenching UC compositions containing tungsten has shown
that tungsten is soluble to the extent of several per cent at 2100 *C, and that
most of the tungsten can be retained in solution on quenching.

Low-pressure oxidation of UC has disclosed some interesting effects and
some important differences between the behavior at 900*C and that at 1800*0C.
A paper giving the preliminary results has been accepted for publication in Acta
Metallurgica, and the work is continuing.

A suitable experimental procedure for simultaneous measure of self-diffusion
of U and C in UC has been evaluated. The method involves deposition of U 2 3 3

and C1 4 on the UC surface and proportional counting to determine the concentra-
tions of these isotopes in sections removed after diffusion annealing.
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III. PROGRESS DURING REPORT PERIOD

A. PREPARATIVE RESEARCH

A series of UC single-crystal, electron-beam, zone-refining studies inwhich
the rotation rate and zone traverse rate were varied has been completed. The
most straightforward result is that rotation interfered with the perfection of the
single crystals grown; and, at 250 rpm, the product was definitely polycrystal-
line. With no rotation, the product was a single crystal in which the subgrains
showed less than a 2* mismatch. Crystals grown at 60 rpm were single but
with subgrains mismatched by 3 or 40 and with correspondingly more twist and
strain. The smoothness of cleavage in these crystals also reflected these
diffe renc es.

Attempts to make a perfect crystal by second-pass zone-refining and by
zone-annealing at a temperature just below the melting point were unsuccessful.

The purpose of these experiments is to prepare UC single crystals which are
sufficiently flawless to permit the use of x-ray microscopy methods for the
study of radiation damage. Presently available crystals have so many imper-
fections that any structural changes due to irradiation are obscured. The new
crystals with about 20 of tilt are not yet perfect, and cannot be used for such
studies.

Chemical analyses of the series mentioned above are shown in Table 1. There
are no clear trends indicating any effect of rotation rate on composition. There
is an indication that slower beam traverse rate causes more loss of uranium
(as shown by higher carbon analysis). Changes in nitrogen content are erratic,
and changes in oxygen are substantial but puzzling. The large oxygen content
found for samples 4-9 could not have been picked up during melting because it
can be calculated from kinetic theory that the maximum pickup at the measured
pressure of 5 x 10-6 torr can be only 10 ppm. The metal analyses results are
also puzzling in that there was essentially no purification with respect to Fe,
Mg, and Ti at the slowest traverse rate, but substantial purification at the
higher rates. Perhaps this is related to carbon content in which case the UC2
platelets could conceivably serve as a trap for impurities.

One sample prepared at a 6-in. /hr traverse rate lost no uranium and ended
up as a stoichiometric or slightly hypostoichiometric single c rystal in the
electron-beam zone melter. If this result proves to be reproducible, it might
be possible to eliminate the hydrogen decarburization step in preparing single-
phase zone-refined UC, by using a fast traverse rate and-low initial carbon.
The carbon content shown in Table 1 was determined chemically, but the single-
phase characteristic was shown by metallography, Figure 1, which also shows
that some uranium was lost during zone-refining, causing the top end of the
crystal to contain a few UC2 platelets.

Data reported earlier on induction zone-refining in inert gas atmosphere
(such that essentially no uranium is lost by vaporization) now have been eval-
uated in terms of conventional zone-melting parameters in order to get a better
understanding of the zone-melting process and at the same time to learn what
the data signify with regard to the U-C system near the melting point of UC.
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TABLE 1

ZONE REFINING OF UC IN AN ELECTRON BEAM ZONE MELTER

Nominal Zone Analyses Results (ppm)

Sample Starting Refining Base Rod Car- - -Crystal-

Number Carbon Traverse Rotation bon Nitro- Oxy Metals"' linityContent Rate Rate (wt %)I
(wt %) (in./hr) (rpm) gen gen jFe Mg jTi

260192- 4.70-4.80 - - 4.76 245 60 50 5 15 Poly
control

260192-1 4.75 1 0 5.09 87 20 50 3 10 Single

260192-2 4.70 60 5.16 40 25 50 5 10 Single (?)

260192-3 4.79 250 5.16 72 50 50 2 10 Poly

260192-4 4.70 3 0 5.05 155 700 <10 <2 <10 Single

260192-5 4.75 60 5.05 98 930 35 5 15 Single

260192-6 4.75 250 5.02 80 1015 10 2 10 Poly

260192-7 4.80 6 0 5.00 42 1380 10 <2 <10 Single

260192-8 4.75 60 4.74 168 685 <10 <2 <10 Single

260192-9 4.80 j 250 4.98 100 1120 15 <2 <10 Poly

*All other metals below detection limit

Single -pass zone -refining will reduce the concentration of an impurity only
over the first part of the crystal, extending only a few zone lengths, depending
on the value of the distribution coefficient, k, for the ratio of the concentration
of the impurity in the solid to its concentration in the liquid. The data agree
with this picture, showing essentially no change in carbon concentration for the
top or last portion of the zone-refined rod, compared with the original, as-cast
carbon concentration, but a slight shift for the bottom or first portion. The
shift is in the direction of the stoichiometric value, 4.80 wt % C, as expected for
congruent melting of UC.

The data shown in Tables 2a and 2b are for five of the six zone-refining runs
reported earlier (Annual Report FY 65, NAA-SR-11450). The sixth was elimi-
nated because of an unusually high oxygen analysis, 960 ppm, compared with
less than 75 ppm for the others. The carbon analyses shown are "effective car-
bons " taking into account oxygen and nitrogen which are assumed to substitute
atom-for-atom in the carbon sublattice of UC. The changes shown by carbon
analysis are small but are significant with respect to the reported precision of
0.002%. The quantitie s X and X are mole fractions of exce ss uranium and

u .c
carbon respectively, when treating excess uranium as the impurity in UC for
hypostoichiometric compositions and excess carbon as the impurity in hyperstoi-
chiometric composition. (X ) is the initial mole fraction of excess uranium,
(Xu)4f is the same value at an average distance up the zone -refined rod of four
zone lengths, and (C/C0)4 f is the ratio of the two.
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TABLE 2a

REMOVAL OF EXCESS URANIUM DURING ZONE-REFINING UF UC

Traverse 1 Carbon (wt %)
Rate jIZone-refined (Xu)o (Xu)4 2  (C/C0 )4 , k

(crn/sec) As-cast j bottom

3.5 x l0~4 4.505 4.598 0.062 0.043 0.69 0.2

2.8 x l0-3 4.545 4.564 0.055 0.05 1 0.093 0.5

3.5 x l0~4 4.77 4.78 0.007 0.005 0.72 0.2

TABLE 2b

REMOVAL OF EXCESS CARBON DURING ZONE-REFINING OF UC

TraverseCarbon (wt %)
Rate A-at Zone-refined (X)~ (X)I42  (C/Co)4e k

(cm/sec) A-at bottomC

3.5 x l0-4 5.22 5.16 0.084 0.073 0.87 0.4

2.8 x~ 10-3 5.17 5.107 0.075 0.075 0.87 0.4

The values shown in the last column are the effective distribution coefficients
calculated from the C/C values at a distance of four zone lengths, using the
relation,

C/C0 = 1 - (l-k)ek/1 (x = length)

or plots of this equation given by Pfann (W. G. Pfann, Zone Melting, John Wiley
& Sons, New York 1958). The effective distribution coefficient is always larger
than the equilibrium distribution coefficient for finite growth rates and the rela-
tion depends on the parameter, f 6/D, in which f is the growth rate, 6 is the
thickness of the laminar flow region at the solid/liquid interface, and D is the
diffusion coefficient in the liquid. About all that can be concluded from the very
few data points now available is that the equilibrium distribution coefficient (the
coefficient which applies to the phase equilibrium diagram) is only slightly less
than 0.2, perhaps 0.15, on the uranium-rich side, and very close to 0.4 on the
carbon-rich side. These figures are in qualitative agreement with published
data on the U-C phase diagram but indicate a much better agreement with the
higher UC-U solubility values given by Magnier and Accary (1963 Harwell Con-
ference on Carbides in Nuclear Energy) than with the values given by Buckley
(AERE-R-3872, November 1961). Buckley's distribution coefficient values vary
from about 0.03 to 0.05, while those calculated from Magnier and Accary's data
are about four times as great. The general shape of the phase diagram in the
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neighborhood of the melting point of UC is shown in Figure 2 based on the distri-
bution coefficients given in Tables 2a and 2b. The shape agrees with that re-
ported in the literature, for example, that in Storm's recent review (E. K. Storms
LA -2942, 8 /13 /6 4). T empe ratur es have be en omitt ed in Figure 2 be caus e the
zone-melting data did not include temperature measurement and because a range
of values for the melting point of UC have been reported.

wt% C
4.66 480 5.05 5.30

UC + LIQUID

UQID I

0.05 0.00 0.05 0.10
_XC

The above is given not with the idea
that the results represent a more cer-
tain measure of phase equilibria than
that in published data, but as an indi-
c ation of how zone -melting dat a c an be
used to estimate phase relations for
reactive high melting systems. Zone-
melting experiments over a wider
c omposition range, c oupled with tem-
perature measurements of the molten
zone, would indeed constitute and in-
dependent determination of the phase
diagram.

{ Figure 2. Phase Diagram Determined
with Zone-Melting Data 7551-2528

B. TUNGST EN SOLUTIONS AND DISPERSIONS

A rough draft of a paper, ''Preparation of UC with Fine Dispersions of Re-
fractory Metals'' has been completed. Three methods of preparing UC contain-
ing precipitates are described: (1) induction zone melting, (2) arc-melting, and
(3) arc casting. In all three processes, precipitates are formed when tungsten
is added to UC having a U:C ratio of one or less, but no precipitates are obser-
ved in material with a U:C ratio of less than one; that is, no precipitates are
observed in material in which UC 2 platelets are present. The microstructure
of the monocarbide phase is markedly affected in material having a U:C ratio of
one or greater; the grain boundaries become irregular and the grain size is
smaller by a factor near ten.

Figure 3 shows the effect on the uranium carbide lattice of adding tungsten to
materials varying in U:C ratio and of using different cooling rates. The lattice
constant decreases with the addition of tungsten in all cases, but there is more
decrease in materials with a U:C ratio of less than one. When samples with a
U:C ratio greater than one are rapidly cooled by quenching in a low temperature
liquid metal, the lattice parameter is much further contracted. The implication
is that tungsten dissolves in UC and causes a lattice contraction, but that more
tungsten dissolves at higher carbon content.

On the basis of recent reactor irradiation tests on metal fuels, control of
fission gases may depend on the presence of a dissolved material capable of
forming precipitates during irradiation. This postulation gives incentive to our
efforts to obtain phase equilibrium data on the system U-C-W and similar sys -
tems at low additive concentrations. In order to prepare solid solutions of known
supersaturation, the phase equilibrium diagram must be known. Our progress
on determining the U-C-W phase diagram has included testing of annealing and
quenching procedures and the preparation of two series of samples, one on the
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UC-W join, and the other on the UC-WC join. The work remaining is the actual
annealing and quenching of these, followed by metallography and x-ray to char-
acterize phases and structures.

0 Q.5 1.0 1.5
TUNGSTEN (wt/%)

The first group of samples was pre-
S I pared using UC feed stock containing

U:<7U]2 5.2 to 5.3% carbon and tungsten addi-
o tions of 0, 1, 2, 3 and 4% tungsten.

A The second group was prepared using
UC containing 4.75 to 4.80% carbon

THOUT and tungsten additions of 0, 1/2, 1, 2,
and 3% tungsten. The tungsten was in-

C corporated into the UC in the induction
----- + - zone refine r by w rapping the fe ed rods

with tungsten wire with a density such
as to give the desire addition, except

-that the first 1/4 in. was wound with
an additional amount of wire such as
to provide twice the nominal addition.

-This figure was based on the effective
distribution coefficients of 2.0 to 2.4
observed for tungsten in UC during

S I previous work. This procedure is
20 25 calle d z one le ve ling .

7551-2529

Figure 3. Change in Lattice Parameter
with Tungsten Content

Chemically determined compositions
of these samples are shown in Table 3,
for 1/4-in. sections cut at various
positions along the rods. In some
cases the sections were cut beyond the

tungsten zone, but otherwise there are substantial lengths showing rather uni-
form tungsten and carbon composition such that a number of 1/4-in. sections of
each composition are available for annealing and quenching experiments.

As a part of testing the procedure, and to obtain a preliminary indication of
the phase diagram, three quench tests were run with six samples in each test;
lattice parameter results are shown in Table 4. The results do not follow a
regular order in all cases, and there is some possibility of a mixup in samples
in one or two cases. It may be that the data will prove to be consistent when
variations in carbon content and temperature are considered and observations
are made of phases. The results show that tungsten is soluble in UC at 2100*0 C,
probably to the extent of at least 4 wt % W; these results are consistent with
the similar data of Figure 3.
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TABLE 3

COMPOSITION OF ZONE-MELTED RODS PREPARED FOR PHASE
EQUILIBRIA IN THE U-C-W SYSTEM (wt %)

Rodls IC or W Initial End Middle jFinal End

C 4.97 5.10-

w---
C 5.01 5.09 5.02

W 1.10 1.02 1.01

C~ - 4.82 4.98 4.97

Series W7 1.60 2.18 1.67

C 5.15 4.98 5.0 1

W 2.65- 3.0 1

C 4.79 4.84 4.80

W 3.52- 3.60

C 4.83 4.80 4.86 4.85

W 0.08 0.05 0.05 0.05

C 4.74 4.64 4.61 4.60

W 0.43 0.42 0.45 0.03

UC 1 1 W C 4.70 4.68 4.64 -

Serie W 0.63 0.01 1.01 -

C 4.70 4.58 4.56 4.62

W 1.66 1.74 1.53 0.20

C 4.73 4.67 4.57 -

W 1.94 2.43 2.47 -
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TABLE 4

LA TTIC E PA RAME TER VA RIA TIONS IN T HE UC -W SYST EM

Tungsten Carbon UC Lattice Parameters After Annealing (A)
(wt %) (wt %)o 1 hr at 210000 2 hr at 2100-2175*C 4 hr at 2100*C

0.11 4.61 4.957 4.955 4.956

0.64 4.56 4.953 4.940 4.953

1.11 4.47 4.914 4.946 4.948

2.31 4.54 4.939 4.952 4.943

3.98 4.43 4.924 4.915 4.918

4.34 4.56 4.941 4.919 4.925

C. REACTION OF CARBIDES WITH GASES

A paper on the subject of UC-02 interactions has been written and approved
for publication in Acta Metallurgica. The paper covers observations on kinetics
and structural changes at UC surfaces exposed to low oxygen pressures.

Recent results include more detailed observations of the epitaxial oxidation
products which form at low temperatures (..~900 *C) and further data which per -
mit a description of the probable reaction occurring at high temperatures
(~..1800* 0 C).

The low-temperature structures are shown in Figure 4 for oxidation of a
single crystal of UC 1 0 1 in oxygen at l0-4 torr at 950*C to a total weight gain of
10.6 mg/cm 2 , and in'Figure 5 for oxidation of a single crystal of UC0 .98 in
oxygen at 2 x 10 -5 torr at 900 *C to a total weight gain of 1.0 mg /cm2 . The pol-
ished cross section in Figure 4 shows two layers on the surface, an inner layer
about 30 thick and an outer layer about lOO0 thick. X -ray diffraction patterns
of the untouched outer layer indicate U0 2 with no preferred orientation. Another
portion of the oxidized crystal was mounted face up in order to grind off the
outer layer and leave the inner layer. X-ray diffraction then showed that the
inner layer was UC 2 highly oriented on the 100 face of the UC substrate. The
relative amounts of UC 2 and U02 as determined by measuring the thickness of
each layer, and by weight gain, indicate that the predominant reaction was:

2UC + 02 = UC2 + U0 2 ; (1) i

but that a part of the U0 2 was formed by a reaction not producing UC 2 , probably

UC + 3/2 02 = U02 + CO ... (2)
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Cross-Section of Oxidized Surface of UC
Single Crystal Showing U02 and UC 2 Layers
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Figure 5. Surface Layers on Oxidized
Hypostoichiometric UC
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In the case of the hypostoichimetric sample, the cross -sections seem to show
much less UO2 unless there is some intergrown in the UC 2 layer. Another fea-
ture that may be pbserved om Figure 5 is the sharply defined zone in the UC
crystal underneath the UCg layer which has been cleared of the free uranium
partic le s p r esent in the o riginal c rys tal. T o explain the small amount of U02
and the reaction with uranium, it may be assumed that oxygen has dissolved in
the UC phase according to the equations:

(l +x)UC + -O =UC 1 O + XUC2 .. 3

and

( - y)UC +YU +1-O = UC 0 .. 4l -y y .(4

According to the maximum solubility of oxygen in UC reported by various work-
ers, x may be as high as 0.35, based on a volumetric estimation of the free
uranium present, y is about 0.02. Hence, reaction (4) would account for most of
the cleared zone seen and its thickness (33M) agrees well with that calculated
from the weight gain calculated by using reaction (3).

The kinetic data for the runs at 900
to 950 *C are summarized in Figure 6.
As reported previously, UC oxidized

CURVE B at l0-~ torr oxygen pressure and
UC~o,1800*C showed no oxidation layer and

3.0 Ix-C'tor _ lost weight instead of gaining. Anal-
950C ysis of the condensate evolved during

this experiment now shows that all of
the weight loss can be accounted for

N by uranium and carbon evolution,
that is, without identifying the species
vaporized. Presumably, the carbon~2.0-- was in the form of CO and the uranium
was either free uranium released by
the combination of the carbon with

oxygen, or gaseous UO. At the same,
time, the UC lattice parameter was

0 reduced to 4.9557 A, which corre-
I.- sponds to an oxygen solid solution of

UCO.7500.25; however, only 500 ppm
of oxygen was found by analyses. Our

CURVE A current thinking is that the contracted
lI'O'4I CURVE C l att ice p a rame t er i s due to a c ar bon
900*C 2IOl torr deficiency in the UC resulting from

900-C the oxidation.
C

0 50 100 150 200 250

TIME(min) Figure 6. Low-Pressure Oxidation

47268 of UC Single Crystals
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In order to determine and control the atmosphere conditions under which all
of the various testing of carbides is done on this program, two types of equip-
ment changes are in process. One is to install ion-pumping systems for high
vacuum and the other is to instrument and analyse inert gases for traces of
oxygen, nitrogen, and water vapor, and to use purification trains adequate to
reduce the concentration of each of these gases to below 1 ppm whenever the ex-
posure of the sample warrants this precaution. The gas analysis equipment is
now in operation. Thus far, a gas chromatograph has been calibrated and it has
been found that oxygen and nitrogen in the helium delivered by the purification
train on the induction zone melter are about 2 and 7 ppm, respectively, compare
with about 3 times as much in tank helium. An improved purification train seem
desirable.

D. SELF-DIFFUSION STUDIES

The technique for depositing radioactive U2 3 3 and C 1 4 4 on the surface of UC,
followed by high temperature annealing, sectioning by grinding off surface lay-
ers, and counting of both tracers in a gas flow proportional counter has been
explored; the only problem still remaining is that the precision of counting for
the C 1 4 is low due to self-shielding from the grindings. Other methods are be-
ing checked for accuracy. A preliminary run at 1600*C for 45 mmn gave a dif-
fusion coefficient figure of 8 x 10-8 cm 2 /sec for carbon, about twice that re-
ported by Chubb et al. (BMI-155 1).

E. MECHANICAL PROPERTIES

Hot hardness of near-stoichiometric single crystals of UC have been mea-
sured in the 100 and 111 directions and the data are shown in Table 5. The
differences found indicate that there is appreciable slip even at room tempera-
ture, since the differences are consistent with the resolved shear stress on slip
planes.

F. GAS MOBILITY IN UC AND W-DOPED UC

Activity in this area has not actually started as yet, but it is planned to carry
out three types of experiments: (1) low level irradiation and annealing,
(2) helium injection by accelerator and annealing, and (3) high-temperature high
burnup irradiations in a reactor. Some progress in this phase of the work is
expected during the next quarter.
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TABLE 5

HARDNESS OF SINGLE CRYSTAL UC
(kg /mm2 )

Temeraure 100 Orientation 111 Orientation

200 650 425

350 610 425

500 415 280

600 220 160

700 110 80

800 75 55

900 75 60

1000 75 58

1100 72 48

1200 51 37

IV. EVALUATION OF EFFORT TO DATE

Zone-melting continues to be a useful procedure, not only for preparing both
doped and undoped material for use in studies of self-diffusion, gas mobility,
reaction with gases, and phase equilibria, but also as a source of data which are
useful in themselves; for example, distribution coefficients for U and C between
liquid and solid phases indicate the shape of the phase diagram. Preparation of
perfect single crystals would be of value for radiation damage studies, but
efforts to prepare such crystals by zone-refining techniques have not been suc-
cessful.

Our interest in W-doped and Mo-doped UC data for use in determining a
means of fission gas control is still strong and we are making efforts to start
various testing programs for study of fission gas mobility in these materials;
the tests would include high burnup irradiations. Solid solutions which are
supersaturated at reactor fuel temperatures now appear promising, as do pre-
parations containing fine particle dispersions, in the light of results of a recent
test on metal fuels. We have apparently prepared solid solutions of this kind in
the UC-W system, and have made considerable progress towards obtaining
phase equilibrium data which are needed for work on supersaturated solutions.
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A better understanding of the UC-U system (and the related PuC-Pu and mixed
carbide systems) and in particular the influence of oxygen on these phase rela-
tions is needed in carbide fuel research. The work on interaction of carbides
with low pressure oxygen is one step towards supplying that need. Another step
is our recent procurement of gas analysis equipment to determine impurities of
less than 1 ppm in inert gases used for furnace atmospheres, and the further
procurement of ion-pumped furnace chambers to permit long-time vacuum heat-
ing of carbides without risk of significant contamination by oxygen or nitrogen.

V. NEX T REPOR T PERIOD ACTIVITIES

Rough drafts have been written of two papers which are expected to be subl
mitted for publication in journals during the next quarter. One deals with the
preparation and properties of UC containing fine dispersions of tungsten, the
other with stoichiometry changes in UC during zone-melting and decarburiza-
tion.

Experimental work is expected to be completed on the low tungsten portion of
the U-C-W phase diagram. Further progress is expected in the controlled pre-
paration of W-doped and Mo-doped UC, including a start on the preparation of
enriched samples for a reactor irradiation test.

Newly acquired high-purity-atmosphere controls will be used for studies of a
portion of the UC-U phase diagram to include high-temperature x-ray studies.

The self-diffusion work is now at the data-taking stage, and sufficient data to
provide a preliminary view of results by the chosen technique are expected
during the next quarter.
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I. PROJECT OBJECTIVES

The broad objectives for this program are to investigate defect structures and
radiation damage effects of selected materials in a broad category of "refractory
moderator materials, " and to relate these properties to material behavior. More
specifically, they are: (a) to develop, understand, and to utilize means of growing
single crystals of graphite, and, as necessary, of other materials consistent with
other objectives of the program; (b) to characterize crystal perfection and crystal
defect structures of selected materials of interest to this program; and (c) to study
radiation damage mechanisms and effects, with the ultimate objective of under-
standing and possibly controlling radiation damage effects, and of assessing rel-
ative radiation damage tolerance for selected materials of interest.

The materials of interest to this program are those refractory, nonfissile
materials that can be considered to have potential use as moderator, as diluent,
or in structural nuclear application. This may include oxides, carbides, nitrides,
beryllium-rich compounds, and other structurally related compounds.

II. MAJOR ACCOMPLISHMENTS IN FISCAL 1966

Procedures for growing graphite single crystals have been reviewed, and
those showing the most promise of success have been selected. Suitable fur-
naces were designed and built, and recently have been delivered to Atomics
International.

A recently acquired Lang-type camera for making x-ray diffraction topographs
has been put into operation and extensive investigation of defect structure in BeO
crystals initiated. This is coupled with etching studies of surface-emergent defects.

Some other materials of intere st to this program have been acquired in the
form of presumably highly perfect single crystals.

III. PROGRESS D URING RE POR T PE RIOD

The objectives under the present program represent significant redirection,
in that some new tasks have been included, notably the effort to grow graphite
crystals of significant size and high crystalline perfection. The remainder of
the program is broadened from that of last year primarily by embracing refrac-
tory moderator and related materials in addition to BeO. Because of this re-
direction, many of the tasks are in preliminary status.

NAA-SR- 11650

IV-3 1



A TOMICS INT ERN ATION AL

A Division of North American Aviation, Inc.

A. GRAPHITE CRYSTAL GROWTH

The adopted procedures for graphite crystal growth are based on experiments
described in the literature. They are, in order of priority, precipitation of car-
bon from saturated molten metal (Fe, for example), and deposition on a substrate
from carbonaceous vapor; initial laboratory effort will be directed toward the first
of these. A recent attempt to grow graphite crystals was made by the research
group at Union Carbide Corporation by the two methods noted above. A visit was
paid to this research group to review their experiences in growing graphite crys-
tals. They were somewhat successful in producing small crystals and in gaining
s ome ins ight int o g rowth pr oc es s es and c ry stal quality , that will be helpful in the
present program.

Perusal of the literature discloses that two important factors generally have
been given inadequate attention. These are (a) crystal nucleation control, and
(b) control of growth rates which are commonly far too great to obtain crystals
of good quality. The present experiments are designed to at least minimize the
adverse effects of these two factors.

Two furnaces have been designed, built, and delivered for the graphite crystal
growth task. Utilities hookup, inspection, and operational check-out are pres-
ently under way. The furnaces are dissimilar only in the heater elements; one
will be heated with superkanthal-type rods and the other with Pt-Rh alloy wire
winding. Each furnace has a main heater element and an auxiliary heater ele-
ment. With these, it is planned to establish a controlled temperature gradient
along the furnace core. The heater elements surround a muffle tube of dense
A12 0 3 oriented in a vertical direction. The crucible containing c-saturated
molten metal will be supported on an elevated hearth. Provisions are under
study for removal without damage of the graphite crystals following their growth.

In the furnaces just described, it is planned to grow crystals by two techniques.
One is to very slowly cool a saturated metal solvent to create supersaturation and
hence promote crystal growth. The other is to establish a steady-state thermal
gradient across which dissolution-precipitation processes can slowly operate over
fairly long periods of time.

B. RADIA TION DAMAGE IN BeO

In theories of radiation damage in Be O at nominally room temperature (<100 *C),
the possible role of the g-BeO structure or related lattice disorder continues to
be without satisfactory assessment. An unusual experimental technique that may
yield information useful to assessing this matter involves the so-called Borrmann
anomalous x -r ay tr ansmis sion that is obs erve d with highly pe rfe ct c rys tals . The
degree of normal photoelectric x-ray absorption when the crystal is oriented at
the Bragg angle depends on the extent and character of disturbances in the crystal
structure; hence, it is expected to be strongly modified by radiation-induced
structure defects. Selected BeO crystals are being examined for their suitability
for this experiment.

The topic of low-temperature radiation damage in BeO was recently discussed
with B. S. Hickman, Australian AEC. There is now concurrence on the following
items that are central to interpreting the effects.

1) The existence of p-BeO has not been directly observed in irradiated
material, in spite of attempts in many laboratories to find evidence for it.
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2) The large amount of expansion in the c-axis cannot be attributed to the
presence of the radiation-induced basal-plane clusters.

3) Some other type of dilating centers is present, whose character is still
unknown; it may be an interstitial-type defect or some type of disorder with a
tendency toward the g-BeO structure, or some other type of defect not yet
proposed.

Of particular interest to this same topic, it has been reported that g-BeO has
be en found in the exhaust pr oduct s of r oc ket s olid fuels c ontaining Be me tal. T his
further indicates that under some circumstances, g-BeO can be retained at room
temperature, in agreement with electron microscope observations. Subsequent
laboratory experiments (not at AI) indicate that it may be pos sible to produce
quenched g-BeO in research quantities. This may open some promising avenues
of research in radiation damage effects and resistance in BeO.

C. DEFECT STRUCTURE STUDIES

The recently acquired' Lang-type camera for making x-ray diffraction topo-
graphs of single crystals and the associated mnicrofocus x-ray generator have
be en put into mor e or le ss c ontinuous ope ration. Sinc e the mic rof ocus unit r e-
quires considerable maintenance attention and has limited x-ray intensity output,
a more satisfactory unit has been ordered. This will permit far more rapid ex-
amination of the many crystals that will be used in this program.

Figures 1 and 2 show a topograph of a crystal in which the axial screw disloca-
tion appears to have undergone configuration alterations. (The unusual shape of
the crystal is due to severe etching in phosphoric acid. ) Near the growth end of
the crystal, the dislocation is straight and appears as a narrowv line. In older
parts of the crystal, away from the growth end, the trace of the dislocation is
broader and irregular. This is interpreted in terms of precipitation of vacancies
or of interstitial atoms on the screw dislocation, causing it to climb into helical
configuration. This effect has been observed only in a few crystals, and may be
related to the specific types of inmpurities incorporated into those crystals.

Although topographs have been made of enough crystals to draw some general
conclusions, many more will be necessary before acceptable conclusions can be
made. It is apparent, however, that the BeG crystals grown from flax are almost
universally defective in some manner that can be detected by x-ray topography,
and that the distribution of defects, whether line or point type, varies consider-
ably between crystals and even within a given crystal. Even crystals that appear
to be perfect by visual examination contain considerable defect concentrations as
shown by x-ray means.

Associated with the x-ray techniques, means of studying the defects in BeG by
chemical etching are being developed. Molten salts in which BeGO are s oluble
were determined to be useful as etchants. A particular class of etchant examined
was lithium molybdate (Li2 MoO4) with small percentages of MoO3 , V205, or
LiBO2 - It was found that these etchants are specific in their action, in that screw
dislocations emergent on (0001) and inversion twin boundaries emergent on basal
plane surfaces are preferentially attacked. This as wellas other specific manners
of etching are under study and are being correlated with defect structures ob-
served by x-ray topography.
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(002) Reflection (Notice the Depleted Region Around
lateral extensions of axial Portion of the Dis-

dislocation) location Length

D. SINGLE CRYSTAL PROCUREMENT

For defect structure and radiation damage studies, a variety of materials in
the form of relatively perfect single crystals are required. Those that have been
procured are a-SiC (five sources), A12 03 (both vapor and flux-grown), Fe2O3
and Cr2 O3 (flux-grown), and CdS (vapor-grown). AgI (wurtzite structure) in
relatively poor crystal form was also obtained.

A newly developed material which is intriguing for potential application as a
reactor material is glass-carbon, samples of which have been acquired. It has
the same moderator properties as the commonly used graphites but may have
considerably more attractive physical properties. It is reputed to have a glassy,
therefore isotropic structure, to be stronger than bulk graphite, and to resist
graphitization at temperatures as high as 3000*0C. If these representations are
valid, carbon-glass may become important in reactor technology. In this sense,
we intend to assess the properties of this material.
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E. PRESENTATIONS AND PUBLICATIONS

The following paper s have been accepted for publication:

1. G. G. Bentle, "The Elastic Constants of BeG at Room Temperature, "
J. Am. Ceram. Soc.

2. 5. B. Austerman, J. B. Newkirk, and D. K. Smith, "Study of Defect
Structures in BeO Single Crystals by X-ray Diffraction Topography, "
J. Appl. Phys.

3. 5. B. Austerman and J. W. Wagner, "Cation Diffusion in Single Crystal
and Polycrystal BeO, " J. Am. Ceram. Soc.

4. 5. B. Austerman, "Degradation of Growth Perfection in BeO Crystals
by Silica, " J. Am. Ceram. Soc.

5. 5. B. Austerman and K. T. Miller, "Dimensional and X-ray Diffraction
Change s in Irradiated Single Crystal BeO, " Physica Status Solidi.

6. A. C. Hott and V. C. Davis, "Multiple Thin Section Grinding, "
J. Am. Ceram. Soc.

The status of each of the following items is as noted:

7. "The Application of Radionuclide s to the Determination of Phosphorus
in As-grown Beryllium Oxide Crystals, " Int. J. Appl. Rad. and Isotopes 16,
499-500 (1965); published

8. "Thermal Conductivity of BeO Over a Range of Density, " (approximate
title) C. J. Ambrose and R. S. Carpenter. To be presented at the Fifth
Annual Thermal Conductivity Conference, Denver, October 13, 1965.

IV. EVALUATION OF EFFORT TO DATE

The various tasks described in this report are generally well underway. The
techniques for growing graphite single crystals have been thoroughly reviewed,
promising techniques selected, and suitable furnaces have been acquired. In the
study of BeO crystals the growth of crystals has been discontinued except for a
small effort, and has concentrated more heavily on investigation of the defect
structures related to crystal growth, impurities, mechanical treatment, radia-
tion damage, etc. Some additional materials, such as single crystals, that are
appropriate to this program, have been acquired for incorporation into the defect-
structure and radiation -damage studies.

V. NEXT REPORT PERIOD ACTIVITIES

During the next quarter, the graphite crystal-growth furnaces will be put into
operation and temperature distribution characteristics as a function of power
settings will be evaluated. Hopefully, a few preliminary runs to produce graphite
crystals will be made. Examination of defect structures, radiation damage, and
related properties in single crystal materials appropriate to this program will
c ontinue .
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I. PROJECT OBJECTIVES

The objectives of this project are: (a) to obtain a detailed understanding of
the processes and mechanisms involved in fission damage, including those re-
sponsible for swelling or reactor fuel materials during irradiation and those
arising from dynamic fission processes; and (b) as a result of such understand-
ing, to propose and test procedures by which swelling can be minimized.

II. MAJOR ACCOMPLISHMENTS IN FISCAL YEAR 1966

The NAA-118 experiment, which explored further the concept of fuel swell-
ing control by additive s and heat treatment, has demonstrated that solution-
quenched alloys are superior to thermally produced fine dispersion alloys. This
observation has led to new concepts of the influences of fission spike and fission
product production on the stabilization of fuel swelling. In essence, the kinetics
of precipitation or the factors that influence nucleation are altered by the fission
events to the point where more numerous and more finely dispersed particles
can be formed during fis sion than can be formed during thermal treatments.
Accordingly, maximum volume stability can be obtained by the economical,
solution-quenching procedure.

Rare gas -atom mobility studies of fission product-bombarded copper foils
have indicated either that there is no unique activation energy for the release of
rare gas atoms from this material, or that there are sufficient traps of various
strengths so that the extent of gas release is temperature -dependent. This very
pure material does not conform to ideal diffusion theories for rare gas atom re -
lease from solids.

The in-cyclotron creep device for measuring the properties of fuel materials
during fission has been proof-tested. Its response is well within the specified
sensitivity of load and extension measurements. Published data on the creep of
alpha-uranium as a function of strain rate and temperature have been reevalu-
ated, and very consistent correlations have been obtained which subdivide the
creep process into at least four different stages or substages.

III. PROGRESS DURING REPORT PERIOD

A. NAA-118 CAPSULE

The swelling resistance of specifically designed fine-dispersion metal fuels
that contain trace amounts of additives is being investigated at high tempera-
tures, 550 and 6450 C (990 and 1152*F) and at high burnups, 0.8 and 1.9 atom %
burnup.
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The following conclusions, which may be subject to minor modifications,
have been reached.

1) The unrestrained weakly alloyed uranium fuel materials have swelled
to the extent that they are unsuitable reactor alloys in their prescribed rmetal-
lurgical state. (U - 0.1 Si, U - 0.1 Al, U - 0.1 Si and 0.01 V, U - 0.1
Al-0.01 V, U - 0.01 Ce, U - 0.01 Cr, U - 0.01 V, irrespective of heat treat-
ment. ) The stability of all of these alloys was disappointing.

2) U - 4 Mo and U - 10 Mo alloys without additive were grossly unstable
with respect to volume changes during test.

3) The silicon containing U - 10 Mo alloys showed definite improvement
in volumetric stability. These alloys can be rated in terms of relative sta-
bility in the following manne r.

a) Solution-quenched alloys are superior to both coarse and fine dis -
persion alloys which are in turn quite superior to unalloyed base materials.

b) No firm decision can be made concerning coarse (0.1 Si) and fine
(0.2 Si) dispersion alloys, due to existing differences in silicon content. The
volume changes are generally larger for U - 4 MoSi fine dispersions but this
may not be a consequence of initial microstructure. Recent theorems
(Brinkman), which are substantiated by the NAA-118 test results, suggest
that the absolute level of alloying content may be important. Savannah River
test data also tend to support this viewpoint.

4) Volume changes for the more stable molybdenum alloys are reported
in the table. Measured density changes have been converted to volume changes
changes by the relationship

V 1 +AP/p '
0 o

This conversion is desirable because AVIV0 is linearly related to burnup,
while AP/P0 is not. The comparison of density changes and area change as
measured on macrophotographs is presented in Figure 1. These data indi-
cate that the volume changes are nearly isotropic.

5) The observed volume changes are rather high in the case of the U - 4
Mo and U - 10 Mo alloys when compared to other published results. Burnup
rate may be a factor in this higher volume increase, following Barnes et al.
(Geneva 1964). No real operational control factors appear to be responsible
for this larger volume change.

6) The replication data for samples of fine dispersion U -10 Mo - 0.1 Sn
that were incorporated into Capsule 4 suggest consistent behavior in these
materials. (Dry weights pre- and postirradiation agree within 0.001 gin. All
reported samples were monitored before irradiation by spectrometry to en-
sure that sample markings and composition were consistent. )

7) Only the U - 10 Mo - 0.1 Sn fine dispersion and solution-treated samples
in Capsule 3 provide inconsistent material response data. The solution-
treated material has transformation products at grain boundaries following ir -
radiation, although the fission rate was sufficiently high to promote a single -
phase alloy during test at this temperature (as shown by the behavior of the
companion sample in Capsule 2, which operated at the same temperature).
Further analysis requires electron microscopy studies, which are in progress.

8) These results can be interpreted in terms of an irradiation-induced
(more specifically a displacement spike damage -induced) re -solution of par -
ticles. Presentations by Brinkman and Johnston of the NAA Science Center,
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VOLUME CHANGES IN NAA -1 18 SAMPLES

Capsule Capsule 2 Capsule 3 Capsule 4
0.8 atom % Burnup 1.4 atom % Burnup 0.8 atom % Burnup 1.4 atom % Burnup

645*C 550*C 550*C 645*C __

Alloy Alloy VIAlloy Alloy

U - 4 Mo Control 91.1 U - 4 Mo Control - U - 4 Mo Control 51.5 U - 4 Mo Control-

U -4 Mo -0.2 Si f.d. 68.9 U -4 Mo -0.l Si - U -4 Mo -0.2 Si f.d. 19.3 U -4 Mo -0. Si s. t. -

U -4 Mo -0.l Si c.d. 36 U -4 Mo -0.l Si c.d. 27.5 U -4 Mo -0.l Si 8.7 U -4 Mo -0.lSi s. t. 34.8

U -4 Mo -0.l Sis. t. 17.6 U -4 Mo -0.l Sis. t. 10.7 U -4 Mo -0.l Sis. t. 5.8 U -l10Mo Control 46.3

U - 10 Mo Control 38.9 U - 10 Mo Control 50 U - 10 Mo Control 29.4 U - 10 Mo - 0.1 Sn f. d. 62

U -lO0Mo -0.l Sn f.d. 39 U -l10Mo -0.l Snf. d. 25.1 U -10 Mo -0.l Snf. d. 27.9 U -l10Mo -0.l Snf. d. 59.7

U -l10Mo -0.l Sn 13.9 U -l10Mo -0.l Sn 4.9 U -l10Mo -0.l Sn 17.9 U -l10Mo -0.l Sn 15.2

f. d. = fine dispersion
c.d. = coarse dispersion
s. t. = solution-treated

@1-10

4-4b

1-14 4@-1l5

@1-12

3 -l4*@

2-12 02-15
-2 3-I I5 *CR A(

@3-Il
1- 13

3-16 * 4 -6* *~2
1-160@4-2

@ 2-13
13-12

2-16 @ 3-13
0

l0 20 30 40 50

DIMENSIONAL CHANGE, AA/A (%4)

60 70 80

7652-2512

Figure 1. Comparison of Changes in Density
and Dimensions
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McDonnell and Angerman of Savannah River, and Bierlein and Leggett of
HAPO at the coming Asheville meeting will reinforce the technical and engi-
neering significance of these results.

9) A most significant contribution arises from a reinterpretation of the
NAA-60 test results. These similar alloys were irradiated at low tempera-
ture (300 to 4000 C) and annealed to 8500 C following irradiation, with remark-
able volume stability in doped alloys. Current concepts (complements of
Brinkman) suggest that the stability arises from the solution-treatment of
these doped alloys during irradiation as a consequence of fission-induced mix-
ing. Kramer has deduced from quenching tests, prior to the NAA-60 experi-
ment, that vacancy aggregates were nucleation sites for particle precipitation.
Barnes (currently at NAA Science Center) has speculated that fission gas
clusters may play a similar role in fuel materials. The observed stability
may then be a difference in the response of irradiated materials, rather than
a preirradiation treatment control. A supersaturation caused by irradiation
maay have been responsible for bubble stabilization during postirradiation
heating. Heating could cause fine-scale precipitation of the excess silicon on
the bubbles.

10) The arguments for bubble stabilization on the basis of (a) xenon migra-
tion t o particle s or (b) particle p r ecipitation on xenon bubble s is immate rial
at this point. The s ignific ant point is that dynamic fis sion p roc es s es app ear
to influence fuel stability and that substitute, short-range tests have to be
evaluated very carefully.

11) Details of the table show the following.
a) Solution-treated alloys (or solution-treated and quenched alloys) are

always superior to any of the thermally produced dispersions.
b) Unalloyed materials are unacceptable under these conditions for

reactor application.
c) The precipitate stabilization concept cannot be confirmed until elec -

tron microscopy of irradiated samples demonstrates particle size distribu-
tions and bubble -particle ass ociation.

d) A point to be considered concerns the time scale required to super-
saturate a fine -dispersion alloy to the extent that it is equivalent to a solution-
treated (solution-quenched) alloy. Alternatively, one might be interested in
the rate of thermal unmixing (the growth rate of existing precipitates which
are of stable size) relative to the rate of fission-product mixing. These phe-
nomena have not been measured or even considered in an engineering sense.

B. FISSION GAS RELEASE MEASUREMENTS

"Isochronal"? annealing experiments in which samples were heated 2000*C in
8 to 16 hr time -periods at a uniform heating rate have shown that there is no
unique activation energy for the release of rare gas atoms from recoil-bombarded
OFHC copper foils. The amount of gas release is temperature-dependent, with
the bulk of the gas release occurring in the temperature range of 290 to 3500*C.

The temperature programming has been such that following the temperature
rise, the maximum temperature is maintained for several hours. The minimum
setpoint was then increased and the heating cycle was repeated. A saturation in
gas release was obtained at the highest annealing temperature, but additional
gas was released during subsequent heating to higher temperatures. All of the
contained gas was not released during the annealing treatment.
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This response suggests that there is a spectrum of activation energies for
the release of the rare gas atoms from internal traps. Under such conditions
the standard diffusion theories for the release of these gas atoms for solids are
inapplicable.

C. COMPUTER STUDIES

Analogue studies have been deferred, due to NAA-118 commitments. The
digital studies, which try to identify the most plausible mode of xenon diffusion
in a host lattice, have continued. The computer code evaluates the energy of an
oversize atom in a host lattice.

Exponential inverse sixth power potentials for both copper and xenon have
been explored. This potential has three independent parameters:

a) r0 , the value of the radius at the ene rgy minimum;

b) E, the depth of the potential well at the energy minimum;

c) a, the steepne ss of the exponential repulsion.

In combining separate potentials for copper and xenon to form a composite
copper -xenon potential, the parameters have been evaluated by the following
combination rules.

a) The r0 parameters have been calculated in terms of an arithmetic
mean, i. e.,

r (Cu - Xe) = 0.5 [r(Cu) + r(Xe)];

b) has been evaluated in terms of a geometric mean, i. e.,

E(Cu - Xe) = [E(Cu) E(Xe)]1/ ; and

c) The a parameter has been defined in terms of both types of mean
values.

Successive interactions which allow the relaxation of the surrounding copper
lattice atoms about an oversized xenon atom have resulted in a reduction in
total energy; but an equilibrium configuration, with zero forces between atoms
has yet to be reached.

A second type of potential is also being explored and a computer program
has been written, using similar relaxation techniques. Rimmer and Cottrell
[Phil. Mag. 2, 1345 (1957)] proposed an arithmetic mean for the composite
Cu-xe potentials. In distinction to the approach outlined above, this approach
permits the use of dissimilar individual potentials for the gas and metal. The
r esult s ar e not ne ce s sarily mor e r eliable, but the c omputation p rovide s a r e f-
erence point for existing theory, present codes, and a measure of the depend-
ence of calculated results to different potential functions.
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D. IN-PILE STRESS RELAXATION

The cyclotron creep device has been proof-tested at room temperature, using
aluminum test samples. Excellent creep curves were obtained in all tests. The
dual sensitivity extensometer system permitted the required 10-5 creep rate
measurements over a total strain range of 3 x 10-4. Irradiation testing is tenta-
tively scheduled for November, with contractual arrangements being the only
s che dule -limiting p roble m.

The device has two modes of loading four samples during a single irradiation.
Two samples have variable load imposed by pressurized bellows attachments.
The other two samples are loaded by "dead weights" to provide a uniform load
level over theoretically frictionless bearings.

Computer analysis of creep data on alpha uranium obtained from the litera-
ture, which was reported in preliminary form in last month's report, has been
completed. As previously reported, the existence of at least two different creep-
rate controlling processes has been definitely established. Final expressions
for creep rates in four of these domains, as evaluated from a best statistical fit
using codes defined by Rocketdyne, are as follows.

MCC

Domain II E = exp (11.5 + 3.42 x 10 g - 3140 0.901

Domain IIIE =exp (-10.01) exp Q RT~0 0.988

Domain IV E= exp (-213.9) U 3 ' exp Rg0.993

Domain V E = exp (2.67) (J.2x3 (RT,0 0.976,

where MCC is the multiple correlation coefficient, an estimate of the "goodness"
of the proposed correlation.

Domain I is not listed because creep rates in this domain are very sensitive to
history; and, because of this, data from various investigators cannot be corre-
lated as a single group.

The boundaries of operation of each of the domains, II through V, are shown
in Figure 2. The defined boundaries have several technologically important
features. First, the temperature limits of cavitation swelling correspond well
with the limits of temperature and creep rates for Domain III indicating that a
quantitative relationship between cavitation swelling and Domain III creep should
exist. Additional theoretical analyses and laboratory work must be conducted to
fully explain this possibility. Secondly, all predictions of "Cottrell" irradiation
creep have been based on Domain V behavior. Actually, Domain III creep is the
dominant me chanism for almost all reactor applications. "Cottrell" creep should
be re -examined as the basis of Domain III behavior. Finally, Figure 2 provides
an explanation for the mechanical behavior of alpha uranium in terms of such
parameters as ultimate tensile strength and microstructure.
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IV. EVALUATION OF EFFORT TO DATE

The NAA-118 experiment has demonstrated that the initial microstructure in
thermally treated, precipitated alloys is not a major factor in the control of fuel
swelling in materials that are irradiated at elevated temperatures. Solution-
treated alloys are more stable than fine dispersions under such conditions. The
concept of re-solution and in-pile precipitation of particles during irradiation
has been proposed. The dynamic aspects of irradiation damage again require
closer scrutiny.

The isochronal annealing tests on fission product damaged copper have indi-
cated that the release mechanism is more complicated than that described by
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simple diffusion theory. There appears to be a distributioA of traps throughout
the material such that the fractional gas release is terhperature -dependent.
Therefore, the evaluation of a unique activation energy by isothermal annealing
processes is misleading.

The computer calculation codes have been written, and calculations of migra-
tion energies for different diffusional paths are in progress.

The cyclotron device is operative and has been proof-tested. Supplementary
evaluation of out-of-pile creep data has provided excellent base line correlations
for the interpretation of in-cyclotron tests.

V. NEXT REPORT PERIOD ACTIVITIES

The possibility of further experiments on solution-treated alloys at high tem-
peratures and high burnups will be explored. Emphasis on tracer level anneal-
ing studies will concentrate on burnup dependence and the influence of micro-
structure on gas release. The in-cyclotron stress relaxation tests will be
initiated.
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Program: Reactor Fuels and Materials Development - Other

Project: Synthesis, Structur e, and Behavior of Metal-Hydr ogen Systems

Project Engineer: C. E. Weber

Reporting Period: July-September 1965 AEC Category: 04- 40-02-09

General Order: 7652 Subaccount: 4552

I. PROJECT OBJECTIVES

The objectives of this project are: (a) preparative research on new binary
and ternary hydrides; (b) selected correlated studies of physical, thermodynamic,
and maechanical properties; (c) the study of the structure, solid-state physics,
and nature of bonding in hydrides as relates, primarily, to thermal stability and
movement to its defect structure; and (d) application of advanced experimental
and theoretical techniques to study fission gas mobility and radiation damage in
var ious hydr id e struc tur es to optimi ze the high -temp er atur e swelling r esistanc e
of this class of materials.

II. MAJOR ACCOMPLISHMENTS IN FISCAL YEAR 1966

The self-diffusion of Zr in ZrH made from both reactor grade sponge and
iodide zirconium has been measured over a temperature range of about 750-
1000*0C.

III. PROGRESS DURING REPORT PERIOD

A. SOLID-STATE EFFECTS

The self-diffusion of Zr in zirconium hydride is being studied by a tracer
method. Zr9 5 is deposited as the oxalate on the surface of a specimen and
allowed to diffuse through the lattice. After a suitable time at temperature, the
2' activity is measured as a function of depth from the surface.

In the Annual Report for GFY 1965, the data for self-diffusion of Zr in
ZrH1 ,7 1 made from reactor grade sponge Zr were reported. At diffusion depths
of 0.001- to 0.003-in, into the specimen, a bulk volume diffusion coefficient was
determined. At greater depths, grain boundary diffusion predominates and a
different diffusion coefficient for this process was found.

During this quarter , the self-diffusion of Zr in zirconium hydride made
from crystal bar zirconium was determined. The composition of the hydride
was ZrH 1 . 6 3 -1 .6 9 . Two distinct diffusion processes were again noted, with
volum e dif fus ion pr edominating ne ar th e sur fac e of th e sp e cimens and g rain
boundary diffusion predominating at greater penetration depths where the con-
centration gradient is low. The volume diffusion coefficients measured are
reported in Table 1. The experimental data from which these values were cal-
culated ar e shown in Figur es 1 and 2. An approximate value for the activation
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VOLUME DIFFUSION OF Zr in H1 . 6 3 -1 .6 9
(CRYSTAL BAR)

Temperature Diffusion Constant
(* C) (cm2 / sec )

770 3.1 x 10-12

792 6.5 x 10-1

837 6.3 x1-2

857 1.1 x 10-1

870 8.6 x 10-12

900 1.2 x 1

930 2.3 x 1

988 3.3 x

0 1.0 2.0 3.0 4.0

D2 (in.x 10-6)
5.0 6.0

tO

C

0

U

H
5
H
C-)

.0 0 1.0 2.0 3.0 4.0
D

2 (in. x 10-6)

7652- 2509
Figures 1 and 2. Activity PenetrationCurves for Crystal Bar

7652-2510
Zr in ZrH
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energy for volume diffusion was calculated, and is about 28,000 calories per
mole (compared to about 35,000 calories per mole for the arc-melted reactor-
grade sponge material). The frequency factor for the crystal bar material is
about an order of magnitude lower than that for the sponge material.

During the coming month, a complete mathematical analysis of the data will
be made. Least squares calculations of the activation energies will be carried
out and standard deviations computed.

B. TERNARY HYDRIDES

A very accurate powder x-ray diffraction analysis was made of the ternary
compound ZrC. ZrH2 . The various lines observed, and their relative intensities
were determined. The hexagonal lattice constants determined from these data
are:

a9 = 3.3467 0.OO01A, Co = 5.4898 0.0001A, c /a = 1.640.

A literature survey on the interactions of mercury with metal hydrides was
conducted; some of the observations made in these systems suggests the forma-
tion of ternary compounds of metal + mercury + hydrogen on the surface of rare
earth hydrides when exposed to mercury.

IV. EVALUATION OF EFFORT TO DATE

The efforts on fission gas mobility in the zirconium hydride lattice have
reached a logical concluding point; therefore, this work has been terminated.

The largest single effort during this report period was on self-diffusion, and
significant progress was made on that task. After a few more experiments, and
a thorough analysis of the data, a topical report can be written.

The ternary hydride task is being reoriented from structural determination
to preparative research on large monolithic bodies. The task so far has been
c onc er ne d only with planning , and s etting up of equipm ent.

V. NEXT REPORT PERIOD AC TIVITIES

A complete mathematical analysis will be made of the self-diffusion data.

Experiments to prepare ZrC- ZrH2 bodies by a powder metallurgy process
will be conducted.
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Program: Nuclear Safety - Reactor Kinetics

Project: Measurement of Doppler Coefficients

Project Engineer: A. A. Jarrett

Reporting Period: July-September 1965 AEC Category: 04-60 -01-09

General Order: 7549 Subaccount: 1351

I. PROJECT OBJECTIVES

The fundamental objective of the project is to develop rapid and inexpensive
calculational methods for the Doppler coefficient of reactivity of proven validity
that will be attractive to reactor designers. The secondary objective is to dem-
onstrate the validity of the calculational method by comparing calculations with
experiments having well-understood accuracy and limitations so that the experi-
mental measurements can be extended with confidence to materials of importance
to reactors, but which have resonance parameters which are not well understood.
Specific objectives are: (1) to establish gold (with a simple resonance structure
at low energies and well-established resonance parameters) and U2 3 8 metal
(with well-established parameters and an extended resonance structure) as reso-
nance integral and Doppler effect standards to which other materials can be com-
pared both in experiment and in theory; (2) to find and evaluate the magnitudes
of systematic errors present in measurement techniques; (3) to test the range of
applicability of present theory by making measurements over an extended range
of surface/mass ratios and temperatures under neutron spectral conditions that
can be evaluated most accurately by calculation (i. e., in classical lIE spectra);
(4) to test both theory and experiment by auxiliary measurements designed to
emphasize differential effects and test specific approximations and predictions of
theory; (5) to measure the Doppler coefficients of uranium metal and oxides and
compare to previous work; (6) to extend the resulting experimental and theoreti-
cal techniques to other fertile materials such as thorium metal and oxide, ura-
nium alloys and uranium carbide; and (7) to extend the studie s to structural and
control materials and to those materials of interest to reactor design where in-
sufficient basic resonance data are now available.

II. MAJOR ACCOMPLISHMENTS IN FISCAL YEAR 1966

Further analysis and comparison of the experimental results in measurements
of the effective resonance integral and Doppler effect in gold with the predictions
of TRIX-I have revealed a potentially serious discrepancy between the two.
Measurements and calculations to define further the area of discrepancy have
been started. Equipment and methods which will greatly improve the accuracy
and speed of measurements have been built and checked out. Improved data re -
duction and analysis codes have been written and are in final stages of checkout.
The TRIX-I code has been converted to FORTRAN-IV and documentation has
been completed.
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III. PROGRESS DURING REPORT PERIOD

A. ANALYSIS OF RESULTS

NAA-SR-Memo-l15 11, describing present results in measurement of the ef-
fective resonance integral and Doppler effect in gold and comparing them briefly
with predictions of TRIX-I, was published during this report period. In general,
theory and experiment were in reasonable agreement. Further analysis has re-
vealed, however, that there appears to be a disagreement of potentially serious
magnitude in some details.

In particular, the theory predicts a much higher effective resonance integral
at low surface/mass ratios (S/M) than was in fact observed. The theory also
predicts a large peak in the Doppler effect at high S/M. The measured peak
appears to lie at an S/M higher by a factor of 5 to 10 than was predicted (See
Figures 1 and 2). Analysis shows that the differences cannot be explained by
uncertainties in resonance parameters or by experimental uncertainties as they
are presently understood. The analysis also shows that the discrepancy is
clearly associated only with the giant resonance at 4.9 ev. (This assignment
was made possible because of the fact that measurements were made over a
wide range in S/M. Information from both extremes in S/M were used in the de -
termination. Resonances of varying width and energy contribute strongly to the

H-2
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Figure 1. Effective Resonance Integral for Au19 7 at 25*C
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pends somewhat on the experimental normalization, and on better definition of
where the Doppler peak does lie. Experiments which will provide the required
information are now being conducted.

Three possible causes of the disagreement have been proposed. Part of the
disagreement is due to improper truncation of the calculation at cadmium cutoff
for any temperature other than zero degrees Kelvin. The fact that the giant
resonance is so broad may place the temperature broadening in an inaccurate
region of the Doppler tables used in the calculation. This effect appears to be
unlikely to explain more than a small part of the discrepancy, however. Finally,
the validity of the narrow resonance approximation for moderator collisions is
in question when applied to broad, low-lying resonances like those in gold,
thorium, uranium, and the higher plutonium isotopes.

The difficulty in presence of a discontinuity in the spectrum (such as would
occur near control elements) and the questionable validity of the narrow-
resonance approximation for broad, low-lying resonances are potentially sern-
ous problems to any thermal reactor and to the present generation fast reactor
designs.
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B. EXPERIMENT

The present measurements have been designed to provide much better defini-
tion of the structure in the Doppler effect as a function of S/M in gold and to pro-
vide an experimental normalization to the relatively well known 2000 in/sec
cross section and thus be completely independent of calculation. To aid in these
measurements, a new Doppler capsule has been constructed. It is in the form
of a rotating cadmium-covered calibrating wheel that can be heated to high tem-
perature under vacuum. The wheel can hold up to fourteen separate foils in an
arrangement designed to minimize any possible flux-depression interactions.
(The exact extent of interactions was evaluated in a separate experiment which
is now being analyzed. ) In principle such an arrangement can evaluate the en-
tire effective resonance integral curve in gold at a given temperature in a single
exposure (See Figures 3 and 4). This, in turn, more than doubles the possible
experimental precision because it eliminates most of the uncertainties in inter-
expo sur e no rmalization, var ying thickne ss or pla cement of c admium, and f oil
calibration factors.

ANODIZED ALUMINUM ~
NICHROME
HEATER WIRES

ANODIZED ALUMINUM I

=

~ANODIZED

7529 -25 07

Figure 3. Sample Wheel with Heater Assembly

The apparatus described above was constructed, tested, and placed in service
during this report period.

Other measurements using foils of many resonance absorbing isotopes were
performed in an effort to establish the validity of neutron spectrum calculations
for this core. These consist of measurements of the spatial dependence of the
flux in the test region with dysprosium (absorbing mainly in Group 14, of the
standard group split) indium (Group 13), gold (Group 12), tungsten (Group 11),
and cobalt (Group 10). The measurements will be compared to the predicted
radial dependence in each group and to the predicted flux gradient at the center
of the test region in each group. (The gradient changes sign in this energy
region. ) These measurements are continuing, but analysis is not yet complete.
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7549- 1841

Figure 4. Capsule Assembly with Bottom Plate Removed

An improved data reduction and analysis code package has been completed
and is undergoing checkout. The statistical analysis provisions for foil activa-
tion measurements have been greatly extended in scope and validity. Changes
in input formats should greatly speed up data reduction.

NAA -SR -Memo -11321, describing improved methods for determination of
paired-pulse resolution in counter systems, was released during this report
period. Accurate knowledge of the paired-pulse resolution, tau, is very import-
ant to the success of these measurements, since uncertainties in tau are the
largest single source of systematic error.
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C. THEORY

Minor improvements in format and coding were made to the TRIX-I code.
TRIX was also converted to FORTRAN-IV during this report period and incorpo-
rated as a subroutine in several nuclear codes. The theoretical methods and
coding details embodied in TRIX were documented in NAA-SR-Memo-11538, which
was released during this report period.

IV. EVALUATION OF EFFORT TO DATE

Considerable progress has been made toward the goal of
ably accurate, reliable, and inexpensive calculational tool.
approximation to this goal, and represents a high degree of
older analytical methods.

obtaining a reason-
TRIX -I is the first
improvement over

Although TRIX -I is an improvement in calculational methods, the experi-
mental portion of the program has shown that there are some potentially serious
areas of inadequacy. It must be noted that the present experimental approach,
combining Doppler effect and resonance integral measurements in ''clean"' mate -
rials over a wide range in S/M, is primarily responsible for uncovering the dis-
crepancies. It is very unlikely that standard measurements involving a narrow
range in S/M in materials with comparatively complicated resonance structures
would have uncovered the discrepancies.

The continued program, using additional experiments designed to test specific
approximations and theoretical predictions, is expected to lead a second iteration
in theoretical methods, that is, to further improvements in the TRIX series of
codes. As verified calculational methods, these codes will be applicable and val-
uable to either fast or thermal reactors.

V. NEXT REPORT PERIOD ACTIVITIES

The pre sent measurements in gold will be completed, analyzed, and the ex-
perimental portion of a report will be started. Comparison of TRIX with experi-
ment and with the numerical calculations of ZUT or similar codes will be started.
Data reduction will be continued on the ~resent U2 3 8 measurements and, hope -
fully, completed. Apparatus to allow U' 38 measurements at selected S/M at
1000 to 15000*C will be constructed and preliminary measurements made.
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General Order: 7608 Subaccount: 1331

I. PROJECT OBJECTIVES

The general objective of the project is to determine the ability of reactor
coolants to retain specific fission products released to the coolant stream as a
result of fuel cladding failure or fuel meltdown. Specific objectives of the pro-
ject are: (a) the determination of the ability of sodium to retain radioactive
iodine as a function of such parameters as sodium temperature, elapsed time
from incident, sodium to fuel and sodium to gas volume ratios and geometric
relationships, condition of released iodine; and (b) the determination of the
ability of boiling sodium and sodium in the vapor phase to retain radioactive
fission products.

II. PROGRESS DURING REPORT PERIOD

Maypack and diffusion tube components were characterized in a sodium vapor
environment. The retention characteristics of sodium were verified in a cap-
sule rupture experiment under conditions of inert gas-fission product bubble
transfer. This completed the experimental activities on this project.

Three experiments were performed to study the effectiveness of Maypack and
diffusion tubes for the selective retention of various iodine forms in a sodium
vapor atmosphere. In the first of these experiments, a preirradiated uranium
foil was melted/vaporized by the condenser discharge and the resulting effluent
transferred by a helium flow of 200 cc /mim directly to a Maypack and diffusion
tube network as described in previous reports.

In the second experiment, the Maypack and diffusion tube were subjected to
sodium vapor and subsequent condensation and deposition for a time equivalent
to the total helium flow from the condenser discharge reaction chamber. The
foil was then melted/vaporized similarly to the first experiment, and the efflu-
ent was conducted through the pretreated Maypack and diffusion tube network.

The third experiment conducted the effluent gas from the vaporized fuel rib-
bon directly to a sodium plenum where it was allowed to bubble through 4 in. of
sodium at 9000*F for the same time period as in the preceding two experiments.

The second experiment showed a considerable deposition of sodium (approxi-
mately 3 gin) on the first three copper screens and as far downstream as the
charcoal filter paper of the Maypack. The activity, however, was not homo-
geneously distributed throughout the condensed sodium, as was determined by
comparing several portions of the sodium. Considerable iodine and other fis-
sion products were observed on the Maypack components. These results, shown
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in Figure 1, demonstrate the relative retention of the Maypack components for
the various isotopes measured under the pretreated sodium vapor condition.

The third condenser discharge experiment, in which a sodium plenum was
used, showed little deposition of fission products on the Maypack components. A
small quantity of sodium (1/2 gin) was observed to have condensed on the fir st
copper screen filter, as in the preceding experiment. Analysis of this sodium
indicated no appreciable radioactivity. Diffusion tube data were obtained.

The capsule rupture experimental equipment was assembled and tested, and
a capsule discharge experiment performed. Figure 2 shows the overall arrange-
ment of the components, while Figure 3 is a closeup of the gas chamber and
pressure pulse initiating device to rupture the capsule.

The c ap sule ruptur e expe rime nt w as c onducte d by pr eir radiating 129 mg of
enriched uranium foil in a capsule 1 in. in diameter by 3.25 in. long. This cap-
sule was affixed to a long tube and inserted in the simulated sodium plenum.
The quantity of sodium was 4500 gin, and the height of sodium above the dis -
charge rupture disc of the smaller capsule was approximately 5 in. The sodium
was contained in a cylinder 7-in, in diameter by 19-in, high and the temperature
of the sodium was elevated to 10000*F for two hours, after which a pulse of
100 psi of argon gas was transferred to the small cylinder. This ruptured the
discharge disc (calibrated for rupture at 75 psi and 5000*F) and transferred the
capsule contents through a 1-in, orifice nozzle, 3/16 in. in diameter, to the
sodium column in the large cylinder.

The plenum above the sodium was charged with helium flowing at 200 cc /mim,
and the resulting cover gas transferred through a Maypack diffusion tube arrange-
ment. A photograph of the disassembled Maypack components is shown in Fig-
ure 4. Analysis of the Maypack and diffusion tube components indicated no mea-
surable radioactivity on the diffusion tube; however, I131 and Xe 135 were obser-
ved throughout the Maypack. Subsequent analysis of the sodium was effected by
lowering the temperature of the sodium to 400 F, and sampling at this tempera-
ture.

Ten sodium samples were obtained at different sodium levels as the sodium
in the plenum was drained into the lower tank. Analysis of the sodium samples
indicated a rather complete spectrum of fission product activity, including io-
dine, Zr-Nb, Ba-La, and Cs 137. Results indicate an iodine release approxi-
mating 1 x 10 -4, a s obtaine d by r elating the total iodine me asur ed in the gas
sampling devices to the extrapolated iodine activity in the sodium.

A paper* was prepared for presentation to the International Fast Reactors
Conference, October 9-11, at Argonne National Laboratory. An outline has
been prepared for the summary report.

*S. Be rge r and W . P. Kunkel, "1Fis sion Pr oduct Re tention in Sodium and
Applications to Vented Fuel Element Design."
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Figure 1. Comparative May Pack Retention With and
Without Sodium Vapor in Effluent (1131 Re sults)
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Figure 2. Component Arrangement in Capsule Rupture Experiment
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III. EVALUATION OF EFFORT TO DATE

The three condenser discharge experiments associated with the Maypack
characterization have yielded significant information concerning the effect of
sodium vapor on the Maypack components. The data show that even after con-
densation, the sodium may represent a sink for radioiodine activity and thus
obscure the validity of the Maypack device for characterizing the forms of iodine.

The successful operation of the capsule rupture experiment has resulted in
some data which indicate that, under the specific conditions of this experiment,
the iodine retention properties of sodium (as measured in previous capsule ex-
periments) may be subject to modification.

However, it is probably appropriate to employ the earlier figure of 0.02% as
the release of the iodine in the sodium with more caution, since this figure had
included a safety factor of approximately 10 over the capsule results.

IV. NEXT REPOR T PERIOD ACTIVITIES

No further experimental effort is planned in accordance with plans for pro-
ject termination. The summary report of the project will be completed and
published.
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Program: Nuclear Safety - Gaseous Effluent Studies

Project: Characterization of Sodium Fires and Fission Product Release

Project Engineer: A. A. Jarrett

Reporting Period: July-September 1965 AEC Category: 04-60-40-04

General Order: 7640 Subaccount: 1374

I. P ROJEC T OBJECTIVES

The general objective of this project is to develop experimental information
and analytical methods which characterize the release and transport of effluents
and energy generated during a primary-coolant-sodium accident. The source of
energy generation may be from the escaping coolant (by rapid thermal energy
transfer) and/or subsequent combustion of the sodium coolant. The effluents
are sodium or its oxide in particulate form and selected fission products, avail-
able as potentially serious dispersions of radioactivity. An analytical model will
be developed for the design and safeguards analysis of sodium cooled fast reactors.

II. MAJOR ACCOMPLISHMENTS DURING REPORT PERIOD

Planning and evaluation were completed to define the detailed requirements
of a 5-yr program for characterizing sodium fires and fission product release
following primary coolant accidents in sodium cooled fast reactors. The pro-
gram planning effort was summarized and presented to the AEC. As part of the
planning effort, the test installation requirements for the project were estab-
lished and a Construction Authorization Request was submitted.

III. PROGRESS DURING REPORT PERIOD

A. PROGRAM PLANNING

A major effort involved completion of a detailed planning and evaluation study
to define requirements of a 5-yr program for accomplishing objectives of the
project. The planning study consisted of a state-of-the art review of sodium
fires research, and of fundamental concepts of combustion, mass and energy
transport, and aerosol behavior, all of which serve as the base for future work.
The problems requiring solution were evaluated on the basis of postulated
sodium-coolant accidents which are pertinent to the program. A technical ap-
proach to the solution of these problems was outlined, and includes experimental
and analytical studies of fundamental mechanisms and modeling principles re-
garding the release and transport of matter and energy. Proposed experiments
and the apparatus (existing and proposed) and facilities for conducting them were
delineated, including: fundamental energy, matter, and fission product release
studies for pool and spray fires; large fundamental and modeling fires; and test
chambers for studying pressure generation from coolant sprays. A conceptual
description of a test installation for conducting large fundamental and modeling
experiments was incorporated in the study, based upon utilization of an avail-
able, existing facility. The scheduling aspects of the 5-yr program, including
milestones, were also evaluated under the planning study.

NAA-SR- 11650
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B. SODIUM FIR ES T ES T INS TAL L ATION PL ANNING

The test installation requirements for conducting large fundamental and
modeling sodium fires experiments were established during the program plan-
ning studies described above. These requirements were summarized in a Con-
struction Authorization Request for the installation and transmitted to the AEC
Canoga Park Area office. The test installation will be located in an available
portion of North American Aviation Critical Facility, Building 009, Santa Susana.
This facility was evaluated and found desirable for the test installations. Two
critical assembly rooms are located in this building. The assembly room and
control rooms previously occupied by the OMR Critical Assembly will be utilized
for the project. The test room contains 1520 ft2 of floor area, 33 ft high, with
a 4-ft-thick concrete wall separating the room from the rest of the facility. A
5-ton bridge crane covers the test assembly area. A 19- by 12- by 10-ft deep
pit is located within the test room. A schematic flow diagram of the process
system and equipment for the burning experiments is shown in Figures 1 and 2.

The design and construction of the test installation is divided into two phases:

Phase I - Modified large fires apparatus for performing large funda-
mental release experiments, and equipment and instrumentation common to
Phase I and II apparatus.

Phase II - Modeling fires apparatus.

C. FUNDAMENTAL EXPERIMENTS

1. Bench-Scale Fires Experiment

An inlet manifold was as sembled which permitted variations in nitrogen flow
from 5 to 36,000 cc/mmn, and from 0 to 1200 cc/mmn for the oxygen. Appro-
priate pressure-relief devices were added to limit the flow meter pressure to
4 psi. The manifold was designed to allow calibration of all flow meters in the
circuit without disassembly from the small fires apparatus.

A second manifold was built which allowed the 02 and H2 0 analysers to sam-
ple the N2 line, air inlet to the burn pot, burn pot exhaust, and to be calibrated
during the burning experiment.

The cleanup system of the bench-scale apparatus was designed for greater
flow and more efficient oxide removal. Checkout of the modified apparatus was
initiated at the close of the report period.

2. Large Fires Experiment

The equipment for the large fires experiment which was operated at the old
outdoor facility was moved to the Sodium Fires Test Installation in Bldg 009.
The experimental equipment (burn chamber and bubbler-scrubber) will be lo-
cated inside of the building, and the process and motorized equipment will be
located outside.

The following changes for the modified large fires apparatus were proposed.
The burn pot-burn chamber annulus will be fully insulated and the burn
chamber cover will be insulated. At least 30 thermocouples will be placed
in the gas space above the fir e. Mor e gas samples will be taken in the gas
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space. A new heatup tank and melt station will be used for both the large fires
and modeling experiments. A low-pressure N2 gas feed system will include a
large liquid nitrogen storage tank and an ambient air vaporizer. An airblower
will provide air for mixing with N2 for obtaining desired gas mixtures. An elec-
tric heater will be provided for adjusting gas temperatures. Considerable at-
tention is being given to the design of gas sampling and temperature measurement
near the combustion surface as well as some distance from it.

3. Initial Sizing Apparatus

The purpose of the initial sizing apparatus is to obtain measurements of the
sodium particle-size distribution immediately after its production. This appa-
ratus has been designed, and the components required for its fabrication have
been ordered. The technique by which this is done is similar to tranquil settling,
except that laminar flow is used to separate the particles as they fall. One ad-
vantage of this technique is that it allows one to obtain different groups of particle
sizes for other studies. Another advantage may be that one can vary the rate at
which the oxide is produced and thus observe any difference in the distribution
which flows downstream. The relation between the length required for 100%
deposition and size for circular pipes is:

L Q= . .. (1)

where

Q = flow rate, sc3

L = pipe length (in. )

R = pipe radius (cm)

v = settling velocity.

secc

D2

10-micron particle will travel 1 cm in a pipe of 1-cm radius for a flow of 1 cm 3 !
sec, or a 5-cm radius and a 5-cm3 !/sec flow rate. The designs of sampling ports
and plating distances are all based on this simple relationship.

4. Particulate Sampling and Sizing Development

a. Midget Impinger

The midget impinger is an air sampler normally used to collect aerosols
which are ultimately sized by optical microscopes. An airstream is pulled through
a specially designed nozzle which forces the particulates to impinge on the bottom
of the container. A solution is provided as a collection medium, and is also used
for dispersion of the collected material when microscopic studies are made.
When the particulate material is insoluble in the solution, it is frequently found
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that the efficiency of collection decreases with decreasing particle size, since
impingement, like impaction, is a function of inertia and the size of jet.

In the present program, the impinger is used exclusively as a sodium con-
centration measuring device; i. e. it is desired that the sodium oxide aerosol be
collected and dissolved in the collection media. In this way, a simple measure-
ment of the sodium in solution will yield the desired information.

Several experiments have been performed to determine the efficiency of the
midget impinger for sodium vapor and/or its oxide when water is used as the
collecting agent and solvent. These experiments were performed so as to gain
some knowledge of efficiency, since the data generated from impinger samples
and from the scrubber-bubbler collection system of LF-2*~ were not compatible;
i. e. , all impinger samples contained less sodium per ft3 of sampled air than
that collected in the scrubber from the same air.

Sodium smoke was allowed to partially fill an 18-in. -high, 0.15-ft 3 container
which was covered on both ends after filling. An inlet to the impinger was placed
at the bottom of the container. A 1-mmn sample at 0.1 cfm was obtained from the
partially closed container. Approximately 10 minutes later, another sample was
obtained over a 2-mmn interval at the same sampling rate. In order to evaluate
the efficiency, 4 impingers were placed in series and the concentration of sodium
was measured in each container. The measurements of concentration were per-
formed with a flame photometer whose sensitivity is about 0.5 ppm. The first
samples in the series had to be diluted in order to be measured with the pho-
tometer, and thus were measured with no more accuracy than the latter collectors.

Figure 3 gives a schematic representation of the technique used to evaluate
the efficiency.

-: TOPUMP

CI C 2 C34

Cw z
-G4J

G22

-I - Z

U)G

I 2 3L4

wMIGRNME
7640-251

Figue 3.Impiger fficencyTes

*Annual Technical Progress Report, Fiscal Year 1965, NAA-SR-11450, p 2
VII- 11 0
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The quantity of sodium entering the impinger is

C = SQt . . . (2)
0 0

where

C0 = inlet airborne content (ygm)

33

Q = sampling rate (cm3/sec)

t = time (sec).

The quantity of sodium leaving an impinger is equal to the quantity entering less
the quantity collected,

C.=C. -G. ... (3)
1 i-l i

where

C = quantity leaving (ygm)

G = quantity collected (pgm)

i = imping er number.

The efficiency of an impinger is

G.
E. = 1 .(4)1 C.-

The relative efficiency of an impinger is

G.
E. = . . . (5)

1-C

The cumulative efficiency of a series of impingers is

EG.
E.= 1 . (6)1-C

If all impingers have the same fairly large efficiency, one should approach 100%
collection with a small number of collectors, and the efficiency would be approxi-
mately equal. If, however, the efficiency decreases as the collectors are added
in series (due to particle-size decreases), then there may not be equal collector
efficiency efficiency (i. e. , if E4 < E3 <E2 < 1 ). The table presents the data and gives
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Figure 4. Impinger Efficiency as Indicated by Total Mass Collected
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Quantity Cumulative
Collected Quantity Relative Cumulative

Experiment Impinger G- Collected Efficiency Efficiency Efficiency
N.No. L G. -E -E

la 1 2530 2530 0.77 0.77 0.77

2 585 3115 0.18 95 0.80

3 103 3218 0.03 0.98 0.73

4 28 3245 0.008 0.988 0.73

3255

2a 1 2340 2340 0.915 0.915 0.915

2 177.5 2517.5 0.07 0.985 0.865

3 12.5 2530 0.005 0.990 0.44

4 6.3 2536 0.0025 0.992 0.39

2546

1 1 2370 2370 0.790 0.79 0.79

2 582 2952 0.194 0.984 0.92

3 22.5 2974 0.007 0.991 0.47

4 16.0 2990 0.005 0.996 0.64

3000

2 1 1940 1940 0.895 0.90 0.90

2 182 2122 0.084 0.98 0.805

3 22.5 2145 0.010 0.99 0.50

4 12.5 2157 0.005 0.995 0.60

*Inlet airborne content - extrapolated value

the computation of efficiency based on C0 , the extrapolated total mass collected.
The data are plotted in Figure 4. The preliminary conclusions from these experi-
ments are as follows.

1) Impingement of particulates of sodium in solutions in which they are
soluble is sufficiently efficient in one impinger for concentration studies
where only mas s is of interest.

2) If the data taken by imapingers are to be used to establish particle sizes
(as in a tranquil settling chamber when the concentration at a particular height
is measured), then two samplers in series should be used to assure a total
efficiency which is greater than 90%.

b. Cascade Impactors

One measurement made during the LF-2 experiment was of considerable
interest to the overall project oal. This measurement was concerned with the
relative distribution of the 1131 activity as a function of the particle size of the
sodium aerosol which was released from the sodium surface. Since the Love-
lace impactor samples were small (~1.-0 micrograms of sodium per stage) and
the specific activity of the sodium was only Sgc/lb, it was most difficult to
me asur e the I1131 ac tivity (10-7 pgc/ stag e). Me as ureme nt s w er e finally obtaine d
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by grouping 10 stages together and counting in a low-level iron shield for several
hours using a multichannel analyzer.

A new cascade impactor called an Anderson sampler has been purchased. The
design of this sampler represents an improvement over the Lovelace cascade
impactor. It is a round-jet impactor with sizes similar to the Lovelace-Mercer
design. However, this sampler has 400 holes per stage, each of which can sam-
ple at rates similar to the Lovelace. Thus, for equivalent sampling times one
will obtain 400 x l0- 7 pc/stage for the same low specific activity. Several meas-
urements of the oxide distribution of a hood fire have been made with the Ander -
son and Lovelace impactors. The 50% sizes and standard deviation as measured
with both instruments agreed to within 10%. The manufacturer of the Anderson
impactor provides extensive information on the distributions per stage, mass
median diameter per stage, and the 50% cutoff value per stage in terms of the
aerodynamic diameter.

A modification of the design of the Lovelace impactor has been made. This
design reduces the number of parts necessary, thereby lowering the cost of
construction. The modiified design will also save time in loading and unloading
the impactor.

c. Turbimetric Particle Size Analysis

An Eagle-Picker turbidimeter has been obtained which is a settling device
used to determine size distribution of materials which are suspended in liquids.
A beam of light is passed through the suspension, and the light transmitted through
the suspension is measured by a photocell. As the particles fall in the liquid, the
change in light transmission is measured. From these measurements, the par-
ticle size and distribution of the material are calculated. Liquid media make
e xc ellent tr anquil s ettling d evic es s inc e the tur bulenc e involved in lo ading last s
only a few seconds. The main concern is in the mechanics of getting an airborne
sample collected in the suspension liquid. Preliminary calibration of this device
indicates that it will be difficult to measure size distribution of Na2O (p = 2.3) in
suspensions of organic liquids (P = 0.8 to 1). The time of fall is directly related
to density differences of fluid and particle, viscosity of the media, the square of
radius, and the height of chamber. Since the density of the particles may be less
than the true density, the typical use of the device may not be practical. The in-
strument has been modified into an air sedimentation tube by adding an additional
settling height (~2 ft) onto the existing cell housing which contains the sedimen-
tation cell used for liquids. This technique improves the density difference
(Pair = 1.2 mg/cc), and increases the height which compensates for the viscosity
decrease of air. The first attempt at comparing the distribution as a function of
time for transmission in the air suspension with that obtained from the same
smoke which was allowed to settle in an organic liquid, differed by a factor of
~1l.5 for the mmd (mass median diameter). The standard deviation was the same
for both methods. This difference is probably due to the uncertainty in the actual
height from which the particles are falling in air. Additional information on the
technique will be obtained with standard particle size distributions.
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d. Royco - Light Scattering Instrumentation

During the last fiscal year, the Royco output pulse was modified to work with
a multichannel analyzer. The system was calibrated, indicating a linear re-
lation between the square root of the pulse height and the particle diameter over
the range from 0.5 to 1.2g. Others have reported sensitivities down to 0.3 g,
and with the exception of the high noise level (due to preamplifier and high vol-
tage power supply modifications), the modified instrument at AI would have
achieved the same sensitivity.

There are several necessary variations in the physical design of the instru-
ment, which need to be incorporated into the system along with the pulse shaper
that has been designed. The improvements are necessary in order to count both
higher concentration and smaller-sized particles. These improvements may be
obtained in the following ways.

1) Increasing the linear flow rate in order to increase concentration.
2) Increasing the slit width in order to improve the amount of light re-

ceived from the scattering particle (signal to noise).
3) Decreasing the pulse duration by decreasing the slit height or using

lasers to define a smaller sensitive volume.
4) Decreasing the effects of signal to noise ude to the scattered light re-

sulting from the carrier gas. (He scatters 0.014 times that of air).
5) Varying the light source (ordinary to ultraviolet) lenses (to quartz) and

incorporating suitable filters and detectors, one may change the entire re-
sponse characteristic and lower the limit of detection.

D. ANALYTICAL DEVELOPMENT

1. Particle Studies - Modeling

The theory underlying application of the phenomenon of agglomeration to
particle-size distributions is necessary in order to predict or model the transport
of material from sodium fires. The general equation describing agglomeration
and settling for a uniform population has been derived, and is a nonlinear integro-
differential equation of the convolution type. A solution for this equation is
available for two limiting cases, i. e. where either agglomeration or settling was
important. Solutions for nonuniform initial populations have not been reported.

The following discussion is based on a review of the literature on the subject
of agglomeration, with particular emphasis on applications to the role of agglom-
eration in modeling large sodium fires.

a. Diffusion

One of the important phenomena that will influence the transport of the small
particles formed in a sodium fire is agglomeration. Smoluchowski1 appears to
have been the first to state that Brownian movement or diffusion of the small
particles causes coagulation at a rate proportional to n2, with n the concentration.
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Thus

= Kn2

where K is the Smoluchowski constant for agglomeration due to diffusion and is
4kT -10 cm3

- - 3 x 10 patscin air at T - 2000; k is Boltzman's constant and fl is

the viscosity of air = 1.82 x~ 1- dyne-sec .Teeuto od xcl o
cm2  

.Teeuto od xcl o
large spherical particles of the same size; it holds satisfactorily for moder-
ately nonuniform sized aerosols of nonspherical particles. (2,3) iFor small par-
ticles with diameter comparable to the mean free path in air, one applies the
Cunningham correction factor:

dn = Kn2 (1 + ~ 2

4kT XKD = 3n 1 + A- . . . (7d)

In air at 2000, the mean free path X = 10- cm. A is a constant which corrects
for slip; d is the particle size. The correction factor essentially takes account
of the fact that very small particles have a better chance of colliding with each
other by ''slipping'' the air molecules. The agglomeration constant, KD, as given
above related to the expression for the diffusion constant D for small particles:

D = 3rT 1 + A jc).. .(8)

K = 4idD cm3

D part-sec .(9

The applicability of Equation 8 for particles as small as gas molecules has been
tested by J. W. Thomas. He showed that using literature values of D in Equa-
tion 8 produced values of the molecular diameter, d, that agreed with values in
the literature with errors that do not exceed 50%. He concluded that the expres -
sion for D is accurate for all particles in air down to 0.001-micron radius, and
that ''it is accurate to better than 30% for other materials in this size range."'
In the same reported Thomas showed the validity of using a ''diffusion battery''
technique for determining particle sizes. He checked his results by comparisons
based on a standard light scattering method, with results agreeing to within 30%.
Thomas gives a convenient graph of D vs d for a range of values extending from
d = 0.004 to 2.4 microns. Equation 9 above was used to obtain KD based on
Thomas' curves, and the result is given graphically as KD in Figure 5. The
graph shows that KD is virtually constant for particle sizes greater than O.5M,
but increases rapidly with diminishing sizes less than 0.1y. Clearly diffusion is
an important mechanism for agglomeration for particles with diameters less
than 0.l1p.
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b. Turbulence

The presence of velocity gradients in turbulent flow results in an increase in
coagulation rates, since particles moving in adjacent streamlines tend to collide
more frequently. An agglomeration coefficient K Scan be defined by an equation
similar to 7:

dt = Ken . . . (10)

Smoluchowski(1l) gave a theoretical derivation for an expression for Kg based on
the idea of a dispersion subjected to simple shearing stress:

4 3

Ks3"I ... (

with

o= velocity gradient.

Teverovskii( 5 ) reports values for Kg that are 10 to 4,000 times that due to dif-
fusion in atmospheric smokes. If d5 = 2pi = 2 x l0-4 cm, then K5 = 10-11 W; thus
some of the large values reported by Teverovskii would be possible only with
very large values of w of the order of 102 to 104 sec-1 . However, Fuks 6 criti-
zes these computations of the coefficient of coagulation made by Teverovskii.
S. M. Greenfield7 has calculated the effect of coagulation of particles in a mist
or cloud due to turbulence, using values of o ranging from 4 to 30 sec -1 .
E. G. Richardson(8 ) discusses the difficulties in theoretical calculations of tur-
bulent agglomeration.

It is clear that experiments are needed to check the adequacy of Equation 11 for
expressing the effect of turbulence, and also that the parameter will have to be
related to observable parameters (e. g., Reynolds number) in turbulent flow.

For the purposes of the present discussion, Equation 11 is accepted as correct,
and it is represented graphically in Figure 5. The coefficient KS increases as
the third power of the particle size. The differing lines were drawn for assumed
values of ranging from 1 sec-1 to l04 sec-1 . The solid lines are the sum
(Ks +- KD). Thus, the total coagulation coefficient will have minimum values
ranging from 3 x 10-10 to 7 x 10-10 cm 3at at values of particle diameters

ranging from 2ps down to 0.2pi, depending on the assumed value of the velocity
gradient, W. The rapid increase of the combined coagulation coefficient with
either increasing or diminishing values of particle diameter suggests that what-
ever the original distribution of particle sizes may be, there will be a tendency
to ''compress'' the distribution about some central value, determined by the
degree of turbulence present.

c. Mean Life-Time of Particles

The effect of coagulation on the distribution of sizes may be approached from
another point of view, namely, the mean life of a given sized particle. For this
purpose, let us consider Equation 1 with K, = KD + K.
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dt =Kn2 . . . (12)

Equation 12 has been tested for uniform-sized particles, and is known to hold at
least during initial stages( 9 ). If it is written as

1 dn
-ndt = T,, ... ( 3

one may define. a mean lifetime,

K= 1n... (14)

where n0 is the initial concentration. T will give some idea of the stability of a
given size of particle in terms of the magnitude of its expected lifetime. Fig-
ure 6 is a representation of values of T as defined by Equation 14, based on the
KT values of Figure 5. Two sets of curves are given for two assumed values of
n0 : 1 x l07 and 5 x l07 part .These values for n0 are those observed in ex-

cm3

perimental sodium fires for LF-2 in a region just above the burning sodium
surface. Figure 6 indicates that for such concentrations, particles formed in
the burning process with diameters less than a few hundredths of a micron should
not be observed; i. e. , they have a lifetime of the order of a few seconds only.
These particles will have a continued airborne existence as parts of larger par -
ticles. On the other hand, particles which are larger than say, lOM will also
have a short life-span, the value depending on the degree of turbulence; but in
this instance, agglomeration means probable removal of a particle from the
airborne state due to settling. Thus, it is likely that in a gallery with a high
density of airborne particles, the consequence of agglomeration would be two-
fold: (a) a narrowing of the size distribution and (b) an accelerated fallout of
larger particles. These processes would occur with time constants whose
values would be less than 100 sec. The effect of the fallout of large particles
on the burning fire itself may be quite important as a quenching mechanism.

d. Experiment Design

As the above discussions have indicated, the agglomeration and distribution
of particles are strongly related to the parameter o, the velocity gradient. The
experimental program must therefore be oriented toward ways of measuring or
controlling the velocity gradient. The degree of turbulence is frequently re-
lated to Reynolds number, and this has been used previously to correlate de-
position rates in tubes. Since correlations exist which relate velocity gradient
and Reynolds number in turbulent flow, fundamental experiments with measure-
ment of agglomer ation r ate s as a func tion of c onc entr ation and deg r ee of tur bu-
lence (Reynolds number ) will be valuable in particle behavior modeling.
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Figure 6. Mean Life of Particles which Agglomerate 'r(as a function
of particle diameter d(M) for various values of the turbulence

parameter W(sec- 1 ) for two values of particle density N)
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2. Gas and Energy Transport Models

a. Sodium Fire Thermal Analysis

The detailed mechanisms of heat transfer between regions of sodium fire
LF-lwere reviewed 1 0 to evaluate means of predicting temperatures and energy
release for developing state-of-the-art accident models involving sodium fires.
From the observations of a temperature maximum slightly above the liquid sur -
face, it has been assumed that the Na-O2 reaction takes place in the gas phase
about 0.02 in. above the surface. Vaporization and diffusion of sodium from the
surface and diffusion of oxygen from the cloud of air and smoke to the flame
front determine the burning rate.
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The heat transferred from the flame to the sodium is about 2/3 conduction
and 1/3 radiation, with only a small contribution from convection. Most of this
heat is required to vaporize more sodium (about 32% of combustion energy is
required for vaporization). Most of the heat transfer from the flame to the
cloud is by radiation (particle-to-particle), with convection and conduction
together accounting for about 17% of the heat.

The cloud loses most of its heat to the air flowing through the chamber, with
some loss (~1--8%) to the hood enclosing the burn chamber. Future fires will
have reduced heat losses through the sodium and the hood because of more effec-
tive insulation in these regions.

The method of analysis used for LF-l, particularly with regard to flame
conditions and burning rate, will be used to check the measured conditions in
the low oxygen fires of LF-2. Future analytical effort will attempt to describe
the effect of a large sodium fire in an open cell on the building temperature and
pressure. The ability of air to flow or diffuse into the hot, open cell containing
sodium is expected to establish the likelihood that a fire will burn after initial
depletion of oxygen by the sodium.

b. Experimental Design-Release and Transport

The fundamental experiments for studying mass and energy release param-
eters will utilize the modified large fires apparatus and the bench-scale fires
apparatus. The experiments will examine the dependence of matter and energy
release rates from a sodium surface on surface temperature, gas temperature,
oxygen concentration and geometry. The small apparatus is sufficiently smaller
than the large apparatus to be of value in determining the existence of geometric
effects. In particular, it is felt that matter and energy release rates per unit
surface area become constant at a sufficiently large pot diameter. The particu-
lar diameter or size would vary with temperatures and oxygen concentration,
however. Results in the large apparatus will be compared with results in the
small apparatus. If the results are different, indicating that the so-called con-
stant or "critical" size is greater than the small diameter, several intermediate
diameters will be tried, probably in the large apparatus.

In the accident situation, the gas may become quite hot. Gas temperature can
influence turbulent and diffusive transport coefficients and reaction kinetics. For
this reason, gas temperature has been added as an important experimental vari-
able. Consideration will be given to the experimental difficulties encountered in
the use of forced fresh gas convection. At high forced flows the natural con-
vection patterns may be altered, thus changing the release characteristics. At
low flow such a large fraction of oxygen may be consumed that the inlet concen-
tration bears no relationship to the concentration found in an enclosure in the
accident situation. In any event, the need is clear for measurements of oxygen
concentration in the gas space above the fire. A significant portion of the inlet
gas may be by-passed right out the chamber while "old" gas is being recirculated
several times. At least the concentration should be known as it enters the flame
region and related to the concentration measured some distance above the pot, as
well as the inlet and outlet concentrations. If substantive oxygen concentration
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gradients exist over large distances above the burn pot, then more careful atten-
tion will have to be paid to measuring this in many locations in all types of fires.
The same comments apply to temperatures and temperatures gradients in the
gas space.

The transport proces ses involved in moving quantities of matter and energy
through large istances are complex, sensitive to geometry changes and not
amenable to direct analytical solution. Thus, in order to characterize com-
pletely the sequence of events in the accident case, it is necessary to utilize
large gas volumes and substantial heights to accurately simulate these events.
For this reason, the modeling type of experiments have been conceived utilizing
large tank volumes in the new test installation.

IV. EVALUATION OF EFFORT

The extensive planning and evaluation effort which was conducted to define a
5-yr program for characterizing sodium fires has provided excellent guidance
for the future course of the project. The various phases of this program have
been planned so that the experimental information and accident consequence
prediction techniques will be provided in a form which will be useful for safe-
guards analyses and evaluation, and engineering safeguards design.

The planning and evaluation have emphasized the need for adding gas tempera-
ture as a primary independent variable to the experimental program in order to
fully understand the fundamental matter and energy release phenomena. Careful
attention must be paid to 02 concentration and temperatures throughout the entire
gas space in order to subtract the effects of forced convection when extrapolating
results to modeling or prototype cases. Experimental activities formerly con-
ducted outdoors will now not be weather-dependent nor will heat balances be com-
prised by solar radiation. The new design allows faster approach to equilibrium
and more accurate heat balances.

Use of the bench-scale fires apparatus in conjunction with the large apparatus
will allow rapid study of geometrical effects and indicate a range of respective
results for comparison with the large apparatus.

A multiplicity of particle sizing instruments which collect the sample by
several different techniques are being fabricated, purchased, and calibrated.
This will lead to an overall better estimation of the mean size of any distribution.

The study of the agglomeration coefficient in the presence of a turbulent en-
vironment has shown that the coefficient is turbulence-dependent for particles
greater than 0.2 microns, that it is nearly constant with a minimum in the region
of 0.2 to 2 microns depending on the velocity gradient, and highly diffusion de-
pendent for particles less than 0.2 microns. The implications of the study are
that the observed distribution should lie within the size range in which the mini-
mum for the agglomeration constant occurs. For the LF-2 experiments, 80% of
the particles were distributed between O.2g and 1.OM, and 50% were larger or
smaller than 0 .3 6 M (all by number). This could imply that velocity gradients W
between 100 and 10,000 per second existed. The mean life of the agglomerate
for this size and for high concentration (5 x l07 particles/cm3 ) would be approxi-
mately 60 sec (see Figure 4), which is consistent with the flow rates over the
fire.
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V. NEXT REPORT PERIOD ACTIVITIES

a. Assuming approval of the Construction Authorization Request for the
Sodium Fires Test Installation early in the report period, the design of the in-
stallation will be completed; Phase I construction bids will be requested, Phase I
c ons truc tion will be initiated, and Phas e II de sign will c ommenc e.

b. Parametric small fires experiments will be conducted with the bench-
scale fires apparatus.

c. The initial particle size apparatus will be constructed and calibrated.
d. Testing and evaluation of particle size measurement and sampling

techniques will continue.
e. An experiment will be designed for determining agglomeration con-

stants for particles in turbulent flow.
f. A state-of-the-art analytical model for a sodium fire in an opened cell

will be de s cribed. Analytic al s tudie s of p article behavior will c ontinue .
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I. PROJECT OBJECTIVES

The project is divided into two general areas, namely, the study of fused
salts and the study of metal-metal salt solutions. The objective of the study of
fused salts is to achieve an understanding of ionic mnelts (halides, oxides, oxy-
salts, and glass systems) by (a) establishing the nature of the species existing in
ionic melts, (b) determining the physico-chemical interactions between species,
and (c) formulating systematic relationships between the physico-chemical prop-
erties of fused salt systems and the molecular parameters of the species.

The objectives of the metal-metal salt study are to determine phase diagrams
for, and the nature of interactions between metals and their salts at high tem-
peratures, to determine the species in these solutions; and, finally, to predict
the solubilitie s in metal-salt systems.

II. MAJOR ACCOMPLISHMENTS IN FISCAL YEAR 1966

A. PUBLICATIONS

The following papers were published.

1. "The Excess Entropy of Mixing of Liquids, " by S. J. Yosim, J. Chem.
Phy s ., 43, 286 (1965)++

2. "Electrochemical Studies of NO+ and NO2 in Concentrated Sulfuric Acid, "
by L. E. Topol, R. A. Osteryoung, and J. H. Christie, J. Electrochem. Soc.,
11 2, 86 1 ( 1965)

3. "The Electrical Conductivities of Molten Bi-BiCl3 and Bi-BiBr 3 Solutions,"
by L. F. Grantham, J. Chem. Phy s. , 43. 1415 (1965)

The following papers were submitted for publication.

1. "The Electrical Conductivities of Molten Cadmium-Cadmium Halide Solu-
tions, " by L. F. Grantham, J. Chem. Phys.

2. "Corresponding States Melting Curve for the Alkali Halides at High Pres -
sure, " by B. B. Owens, J. Chem. Phys.

B. TALKS

1. The paper "Calculation of Thermodynamic Properties of, Liquids from a
Rigid Sphere Equation of State, " by S. J. Yosim, was presented at the XXth
International Congress of Pure and Applied Chemistry in Moscow, U. S.S. R.

2. The paper "Phase Equilibria in Solid Solutions of the Alkali Halides at High
Pressure, " by A. J. Darnell, was presented at the American Ceramic Society in
Pittsburgh, Pa. , Sept. 1965.
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The following talks were presented at the American Chemical Society Meeting

in Atlantic City, September 1965.

3. "The Electrical Conductivities of Metal-Metal Salt Solutions, " by L. F.
G rantham.

4. "The Soret Effect in the Molten Bismuth-Bismuth Tni-iodide Redox Thermo-
cell, " by J. D. Kellner.

5. "The Compression of Solid Bismuth Trihalides to 40,000 Bars and a New
Solid-Solid Phase T ransition in BiI3 , " by A. J. Darnell and B. B. Owens.

C. TECHNICAL PROGRESS

The study of the Soret effect in Bi-BiI3 solutions has been completed. A new
high pressure metastable phase of BiI3 has been found.

III. PROGRESS DURING REPORT PERIOD

A. THE SORET EFFECT IN Bi-BiI3 SOLUTIONS

The steady state thermoelectric powers of BiI3 solutions containing 1 and 90
mole %0 bismuth were measured during the report period. In addition, thermo-
cells containing 35, 50, and 80%0 Bi were repeated and more precise data re-
corded. The thermoelectric potentials range from -4600 .sv/deg at 1%0 metal to
18 j.v/deg at 90%0 metal. This completes the experimental portion of this study.

B. STATISTICAL MECHANICS OF FUSED SALTS

Previously in our work on fused salts, the melt was compared to a fluid of
identical rigid spheres, the diameters of which equalled the sum of the anion and
cation radii. We have now re-derived new expressions for thermodynamic prop-
erties of fused salts by using Lebowitz' equation of state for a mixture of rigid
spheres. Thus we are now taking into account the anion-cation ratio. Prelimi-
nary calculations show that the results do depend on this ratio.

C. THE SOLUBILITY OF INERT GASES IN MOLTEN SALTS AT HIGH
PRESSURES

Several laboratories have recently been investigating the effect of pressure
upon the properties of molten salts. In our investigation of melting properties
and compressibilities the salts were pressurized by a mechanical piston. How-
ever, in most of-the other laboratories the melts were compressed by inert gas
pressure. In the latter studies one must be concerned with the degree of solu-
tion of the gas in the fused salt. Extrapolation of one value reported for the sol-
ubility of Ar and He in molten NaNO3 indicate s that at 1000 atm as much as 10
mole %0 inert gas may dissolve into the melt.

We propose to systematically investigate this phenomenon and to interpret
the results in terms of the structural models for molten salts. The equipment
for this study has been assembled; the procedure that will be followed is to meas -
ure the freezing point of a molten salt saturated with gas. From the freezing
point depression we will calculate the concentration of solute species. The ini-
tial measurements will be carried out on KNO3 under a 200 to 500 atm pressure
of Ar. The study will then be extended to other systems at pressures up to
2000 atm.

NAA-SR-l 1650

V-33



ATOMICS INT ERNA TION AL

A Division of North American Aviation, Inc.

D. HIGH PRESSURE FORM OF BiI3

The solid phase of BiI3 which is stable above ~24 kilobars and 1000 C has been
recovered in a metastable form at atmospheric pressure. This metastable form,
BiI3 (II), reverts to the stable form BiI 3 (I) when heated to -14* C. The volume in-
creases by 8 2% during this (II) -'(I) transition. This corresponds to about 4
kcal/mole for the BiI3 (I) - Bi3 (II) transition.

E. PHASE EQUILIBRIA IN SOLID SOLUTIONS OF ALKALI HALIDES

Studies on the solid-solid phase transitions in solid solutions of the alkali hal-
ides were initiated. The systems KCl-KBr, KCl-RbCl and KCl-RbBr have been
studied. The above salts which form continuous solutions in the NaCl type struc -
ture apparently also form continuous solid solutions in the CsCl type structure.
The pressure composition phase diagrams (at 1000*C) indicate that ''near ideal''
solid solutions are formed in both solid phase s. The regular manne r in which
the transition pressure varies in these substitution type solid solutions indicates
that the cation plays the predominant role in determining the pressure at which
the NaCl-CsCl transition occurs.

IV. EVALUATION OF EFFORT TO DATE

The statistical mechanical approach for developing liquid theory so that the
physico -chemical properties of pure liquids and solutions can be calculated from
equations with no adjustable parameters continues to be very fruitful. The em-
phasis in the experimental approach continues on high pressure and transport
experiments.

V. NEXT REPORT PERIOD ACTIVITIES

The study of the Soret effect in Bi-BiBr3 solutions will be initiated. Attempts
to measure the electrical conductivities of metal-salt solutions above their crit-
ical temperatures will be resumed. Measurements of the electrical conductivity
of the Hg-HgX 2 system will also be resumed. The new calculations on the ther-
modynamic properties of fused salts from the Lebowitz equation of state will be
completed. The high-pressure study of the solubility of gases in fused salts will
be under way. The high-pressure studies of transitions in solid solutions of
alkali halide s will be c omplete d.
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I. PROJECT OBJECTIVES

The objectives of this project are to delineate the fundamental physicochemi-
cal processes occurring in the radiolysis of organic systems and to study these
processes in separate experiments designed to increase our understanding of
their nature and their role in radiolysis.

II. MAJOR ACCOMPLISHMENTS IN FISCAL YEAR 1966

A. PAPERS AND PRESENTATIONS

The following papers have been published.

1. "Radical Intermediates in the Mercury (ep) Photosensitized Decomposition
of Cyclopropane" by R. A. Holroyd and G. W. Klein, J. Phys. Chem. , 69, 2129
(1965)

2. "ESR Study of Excited Rare -Gas Initiated Reactions of Polystyrene and
Polymethylmethacrylate" by R. B. Ingalls and W. A. Young, J. Chem. Phys. ,
4.3, 1759 (1965)

3. "Determination of Radiation Lifetime of Vibrationally Excited sec-Butyl
Radicals using Methylethylamine as a Model" by G. T. Tiedeman, R. B. Ingalls,
and Jack S. Margolis, J. Chem. Phys. 4 2 2627 (1965)

The following papers have been accepted for publication.

1. ''Radical Yields in the Radiolysis of Hydrocarbons II, Neopentane, Isopen-
tane, and Cyclopentane" by R. A. Holroyd and G. W. Klein, J. Am. Chem. Soc.
(1965)

2. "Radical Yields in the Radiolysis of Cyclohexene with Different Kinds of
Radiation" by W. G. Burns, R. A. Holroyd, and G. W. Klein, J. Phys. Chem.
(1965)

3. "Radical Yields in the Radiolysis of Hydrocarbons" by R. A. Hoiroyd in
"A dvanc es in Che mic al Re s ear ch" publishe d by Sp ring er Publishing Co. , Ge r-
many, early 1966

4. "On the Thermal Spike Model of Low L. E. T. Radiolysis" by R. B. Ingalls,
J. Chem. Phys.

5. "ESR Spectra of Six Selectively Deuterated Biphenyl Negative Ions, " by
T. W. Lapp, J. G. Burr, and R. B. Ingalls, J. Chem. Phys.
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The following paper has been submitted for publication.

1. ''A New ESR Technique for Investigating Reactions of Free Radicals with
Compounds of Biological Interest,"' by R. B. Ingalls, D. E. , Holmes, and L. S.
Myers, Jr., Nature

The following papers were presented.

1. R. A. Holroyd served as chairman of the session on ''Reaction of Hydrogen
Atoms in Organic Systems" at the Gordon Conference on August 5.

2. "ESR Studies on the Course of Addition of Deuterium Atoms to Polystyrene
Fluff'' by G. T. Tiedeman and R. B. Ingalls was presented by Dr. Tiedeman at
the ACS Atlantic City meeting, September (1965)

3. ''Thermal Spike Model of Low LET Radiolysis,'' by R. B. Ingalls, was pre-
sented at the XXth International Congress of Pure and Applied Chemistry in
Moscow, U. S. S.R.

III. PROGRESS DURING REPORT PERIOD

A. RADICAL YIELDS IN THE RADIOLYSIS OF CYCLOHEXENE WITH DIFFER-
ENT KINDS OF RADIATION

Dilute solutions (1-20 mM) of 1 4 CH3 I in cyclohexene were irradiated, and
yields of radioactive methyl-3-cyclohexene, methylcyclohexene, methyl-l-
cyclohexene, ethane, and methane were determined as functions of 14CH3 I con-
centration, energy input, dose-rate, and L. E. T. of the radiation. The results
are interpreted on the basis that thermal l4 CH3 radicals are formed and react
with the surrounding molecules or radicals. The effect of dose -rate indicated
that as the dose-rate is decreased, all radicals react in greater proportion with
the cyclohexene rather than in inter-radical reactions. The effects of concentra-
tion and of L. E. T. at high dose -rates are consistent with the concept that methyl
radicals are generated by electron capture. At high dose-rates of low L. E. T.
radiation only inter-radical reactions occur, and the G-values of 3-cyclohexenyl,
1-cyclohexenyl and cyclohexyl radicals determined from the above radioactive
product yields agreed with those deduced from the C 12 product yields from the
pure liquid. With increasing L. E. T. the apparent radical yields from the activ-
ity measurements fall more rapidly than those deduced from the C 12 product
yields. This may be due to the inhomogeneity of track reactions, and can be ac-
counted for if the CH3 radicals, formed possibly by electron capture, have a
larger diffusion constant and a larger initial track radius than the cyclohexenyl
and cyclohexyl radicals. Diffusion theory calculations indicate that the ratio of
the track radii is ~.5.

B. ALKYL RADICAL YIELDS FROM BRANCHED HYDROCARBONS

Continued investigations of the yields of radicals from various hydrocarbons
have led to a general semi-empirical equation for calculating all of the fragment
alkyl radical yields from any alkane. It was found that the probability that a
particular bond will break increases with the number of adjacent carbon-carbon
bonds. Further a theoretical basis for this approach has been found in that it can
be shown that the strength of a carbon-carbon bond in the molecular ion or mole -
cule is reduced with the addition of adjacent carbon-carbon bonds. Calculated
values of radical yields are compared with experimental values obtained in this
study in the following table.
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RADICAL YIELDS FROM HYDROCARBONS

Hydrocarbon Radical Grdcl/0 v
C alculate d Exp erime ntal

n -P entane C H3  0. 12 0.14

n -Pentane C 2 H5  0.44 0.48

n -Pentane C 3 H7  0.44 0.38

2, 2-Dimethylbutane CH3  1.12 0.99

2, 2 -Dimethylbutane C2 H5 1.20 1. 14
2 -M ehylpetane 2 H5 .4.9

32-Methylpentane C2 H5 0.14 0.2

3, -iethylpentane CH 0.80 0.28
2, -Diethlpetan i-3H 5.605

2,24- imethylpentane CH3  0.39 0.28

2, 2,4-T rimethylpentane i-C3H7 0.20 0.12

2, 2,4-Trimethylpentane i-C Hg 0.61 0.74

C. EXTENSION OF FLUFF TECHNIQUE TO LOW MOLECULAR WEIGHT
MATERIALS

The investigation of free radical reactions by electron spin resonance tech-
niques using high surface substrates has been extended to materials of moderate
molecular weight. In previous reports we described the use of high polymers in
a finely divided fluff state to stabilize the reaction products of hydrogen atoms,
other gaseous free radicals and excited states. However, a limitation of the tech-
nique was that only high molecular weight materials can be prepared as fluffs.
During this report period, a new and more general method of radical stabilization
which permits the investigation of low molecular weight materials as well as high
polymers has been developed.

The essential feature of this method is the use of quartz wool as a supporting
medium. A solution of the material to be investigated is added to a tube contain-
ing quartz wool, quickly frozen, and freeze -dried. During the drying the solute
is trapped between the quartz strands to produce a highly dispersed sample.
Such a sample has several square meters of surface area per gram, so that even
though the penetration of the reacting free radicals is probably much less than
l0-5 cm, sufficient filling factor in the ESR cavity is obtained. Thus, the radi-
cals produced in the substrate are easily observed. Obviously, this technique is
restricted to materials with low vapor pressure and so far only solids have been
inve stig ate d.

D. KINETICS OF RADICAL FORMATION IN POLYMER FLUFFS

The kinetics of radical formation in fluff systems is not simple to analyze and
is currently under investigation. It appears that a steady state radical concentra-
tion is set up on the surface of the substrate in a very short time, and that in
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order for additional radicals to accumulate, the initiating species must diffuse
through this steady state region and react with the relatively inaccessible mate -
rial further from the surface. Such a model has been described mathematically
and it predicts a sharp break in the curve of total substrate radical concentration
with time, in agreement with experimental results. Details of this investigation
will be reported in the next progress report.

IV. EVALUATION OF EFFORT TO DATE

The effects of dose rate and L. E. T. on inter-radical reactions and radical
yields have been investigated using the 14 CH3 I radical sampling technique. These
results throw light on the inhomogeneous nature of tracks and reactions therein
which are more important at high L. E. T. The investigation of the yields of rad-
icals from various hydrocarbons has led to the development of a semi-empirical
equation for calculating all of the fragment alkyl radical yields from any alkane.
These developments contribute to our fundamental understanding of the interac-
tion of ionizing radiation with organic materials.

V. NEXT REPORT PERIOD ACTIVITIES

A general kinetic model for the reaction of atoms with polymer fluffs will be
developed. The properties of this model will be compared with experimental re-
sults which have already been obtained.
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W. J. Tomasch

I. PROJECT OBJECTIVES

This effort is devoted to the acquisition of knowledge regarding the electronic
structure of metals and alloys (configuration of electronic energy states in mo-
mentum space) and the role of this structure in determining electrical, thermal,
magnetic, vibrational, and alloying characteristics. Detailed information on the
shape of the Fermi surface is provided by de Haas -van Alphen studies in mag-
netic fields up to 200 kilogauss, and the density of electronic states at the Fermi
level is deduced from low-temperature specific heat measurements. The latter
also yield information on lattice vibrational mode s and on the interactions in-
volved in superconductivity and magnet ordering. Further characterization of
magnetic interactions is accomplished by means of conventional magnetic sus -
ceptibility techniques. Considerable effort is devoted to the exploration of high-
field superconductivity with emphasis on thermodynamic and transport character-
istics, as well as on the electron energy spectrum as deduced from thin-film
electron-tunneling measurements. These experimental investigations are
correlated with current theory, and attempts are made to characterize quanti-
tatively the relationship between superco nductivity and the normal-state elec -
tronic structure.

II. PROGRESS DURING REPORT PERIOD

A. PUBLICATIONS

1. "The Exact Solutions of the Ginzburg-Landau Equations for the Super-
conducting Surface Sheath, " by H. J. Fink and R. D. Kessinger, American
Physical Society Meeting, Honolulu (September 1965)

2. "Influence of a Magnetic Field on Tunneling from a Type -II Alloy Super -
conductor, " by W. J. Tomasch, Phys. Rev. 13, 3A (1965)

3. "Critical State of Superconducting Surface Sheath, " by H. J. Fink and
L. J. Barnes, submitted to Phys. Rev. Letters

4. "Exact Solutions of the Superconducting Surface Sheath, " by H. J. Fink
and R. D. Ke ssinger, submitted to Phys. Rev.

5. "Internal Currents and Magnetic Fields Close to the Surface for a Type II
Superconductor for Applied Magnetic Fields Near the Upper Critical Field Hc2'"
by H. J. Fink, Phys. Rev. Letters 14, 21 (1965)
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6. "Geometrical Resonance in the Tunneling Characteristics of Superconduc-
ting Pb,"' by W. J. Tomasch, to be published in Phys. Rev, letters

7. ''Intrinsic Hysteresis in Type II Superconductors,"' by H. J. Fink, to be
published in Phys. Letters

B. THEORE TICAL STUDIES ON SUPERCONDUCTIVITY (H. J. Fink and
L. J. Barnes)

1. Exact Solutions of the Superconducting Surface Sheath

The exact solutions of the superconducting surface sheath of a semi-infinite
superconducting half-space for various values of the Ginzburg-Landau parameter
x were obtained as a function of the applied magnetic field between the critical
fields Hc and Hc3 (for 0.4 17 <Kx < 0.707; Type I), and between Hc2 and Hc3
(for 0.707 < K < m; Type II). For Type II superconductors, the solutions were
also extended into the mixed state well below Hc2. The order parameter, the
supercurrents, the internal magnetic field, the vector potential, the thickness
of the surface sheath and the magnetization per unit volume for a ''thick'' film
were determined. These quantities vary strongly with applied magnetic field
for x < 3. In order to obtain these solutions a boundary condition was derived
which relate s the absolute value of the orde r parameter at the surface to the
phase of the order paramneter and the value of the vector potential at the surface.
Two supercurrents of equal magnitude, but opposite direction, flow near the sur-
face for magnetic fields above H (Type I) or Hc2 (Type II) respectively. Below
Hc2 these currents are slightly cEifferent due to the bulk solution and give rise to
a small net surface current.

2. Critical State of the Superconducting Surface Sheath

Whe n a long supe r conducting c ylinde r is plac ed int o an axial ma gne tic f ield
whose value is between the upper c ritical field HcZ2 and the surface nucleation
field Hc3, then the surface is in the superconducting state and the core of the
cylinder is in the normal state provided the thickness of the surface sheath A is
small compared to the radius of the cylinder R. Although the metal is singly
connected, the superconducting surface is multiply connected. By analogy with
a superconducting ring one c oiild imagine that a persistent current could be in-
duced in the surface sheath provided the surface sheath is able to carry a total
current. Such a current could easily change the magnetic properties of a super-
c onducting c ylinde r.

We have shown that such a current can indeed be induced in the surface sheath
and that its magnetic moment can be either diamagnetic of paramegnetic which
depends on whether the magnetic field is increased or decreased respectively.
It was found that these currents are size dependent and have an appreciable effect
on the magnetization for Ginzburg-Landau x-values of order unity and for applied
magnetic fields close to Hc2- It is also shown for a cylinder that the induced
magnetization per unit volume is always considerably larger than the inherent
diamagnetic magnetization per unit volume of the surface sheath (in its lowest
energy state) although the induced surface current is always considerably smaller
than the inherent surface currents provided R is very large compared to the
penetration depth X.
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C. ELECTRON TUNNELING STUDIES (W. J. Tomasch)

1. Resonance Effects in Superconducting Tunnel Diodes

A new type of structure in the current-voltage characteristics of Al/AlO /Pb
superconducting tunnel diodes was recently discovered at this laboratory. This
phenomenon has been studied as a function of tempe rature, alloying, annealing,
junction geometry, barrier (AlOy) properties, A film thickness and Pb film
thickness. Although temperature and alloying affects the strength and sharpness
of the periodic structure, only Pb film thickness produces a systematic change
in the voltage period. (The other factors investigated apparently exert little or
no influence so long as both Al and Pb films remain supe rconducting. ) To be
more specific, the voltage period has been found to be proportional to the recip-
rocal of the Pb film thickness. This result strongly suggests that the Pb films
exhibit geometrical resonances (standing wave modes) which serve as mono-
chromatic reservoirs to which tunneling electrons may loose energy in quantum
assisted transitions. The propagation velocity associated with the phenomenon
has been determined and has a value comparable to the Fermi-velocity, indica-
ting that the standing wave is electronic in nature. In view of the large Pb film
thicknesses involved (2-261), collective electronic excitations appear to be in-
volved. The present data probably constitute the most direct and detailed evi-
dence for the existance of such modes. Very fundamental theoretical consider-
ations require the existance of such miodes, and the lack of reasonably direct
experimental confirmation has been a source of sustained concern.

Preliminary results indicate that the effect is also present in thick In films.
This demonstrates that the effect is not restricted to strong coupling super-
conductors (Pb and Hg) but probably occurs quite generally. Effort is underway
to determine the velocity associated with the effect in In, and to discover whether
or not the phenomenon can be observed in still other soft superconductors.

III. E VALUATION OF E FFOR T T O DATE

The concentrated activity in the field of superconductivity continues to pro-
duce a variety of interesting theoretical and experimental results. In spite of
the rather formidable mathematical difficulties encountered in the application of
the Ginzburg-Landau-Abrikosov-Gor'kov theory to the physical situation now be-
ing investigated the theory continues to yield quantitative descriptions of observed
phenomena as well as an improved understanding of the situation. The two papers
discussing aspects of the sheath phase are excellent examples of this type of
activity. The tunneling studies have apparently discovered a completely novel
effect in this system and are continuing the exploration of this new phenomenon.
The observations have some similarity to oscillatory effects recently reported
from Bell Labs and elsewhere but the detailed studies reported in this quarter
show that they are not the same. While at present the observations are only of
theoretical interest their practical implications are being followed up.
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I. PROJECT OBJECTIVES

The materials requirements of modern technology demand an increased under-
standing of the effects of lattice defects on the physical properties of crystalline
solids, and on their behavior when subjected to various kinds of radiation. Stud-
ies of radiation damage in solids not only directly yield information on the effects
of radiation, but also provide a means of investigating defects in solids. It is the
objective of this project to study the production of defects in crystalline solids by
radiation, and to attain an understanding of their structure, their interactions with
each other and with impurities and dislocations, their effect on the physical prop-
e rtie s of s olid s, and the ir r e cove ry kine tic s. An unde rs tanding of the se point s
should assist in the understanding of lattice defects produced in solids by other
means and help make possible the development of materials of superior proper-
ties as the ability to better control their defect structure is developed. The ma-
terials chosen for study are metals, metal alloys, and semiconductors.

II. MAJOR ACCOMPLISHMENTS IN FISCAL YEAR 1966

A. PUBLICATIONS

W. Bauer, ''Influence of Impurities on the Recovery of Electron Irradiated
Gold,"' accepted for publication in Physics Letters.

A. Sosin, ''Interaction of Interstitials with Solute Additions in Face-Centered
Cubic Metals, '' invited paper presented at the American and Japanese Physical
Society Meeting in Hawaii. Bull. Am. Phys. Soc. 1_0, 697 (1965). An expanded
paper on this subject is being prepared for a book edited by R. R. Hasiguti on
the lattice defects section of the meeting.

W. Bauer, ''Damage Production in Pt near 7*K by Electron Irradiation,"'
Bull. Am. Phys. Soc. 1_0, 711 (1965). An expanded paper is being prepar ed for
the book on the lattice defects section of the Physical Society Meeting.

A. Sosin and D. W. Keefer, ''Trapping of Point Defects by Dislocations,"'
AIME Proceedings of Radiation Effects Symposium in Asheville, North Carolina
(September 8, 1965)

W. Bauer and A. Sosin, ''Recent Threshold Energy and Displacement Cross
Section Measurements in Metals,"' AIME Proceedings of Radiation Effects Sym-
posium in Asheville, North Carolina (September 8, 1965)

A. Sosin and D. W. Keefer, ''Trapping of Point Defects by Dislocations,"''in-
vited paper presented by A. Sosin at the Gordon Conference on Physical Metal-
lurgy in Meridan, N. H. , July 19-23, at a seminar at RPI, July 14, and at a
seminar at the University of North Carolina (July 2, 1965)
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D. W. Keefer and A. Sosin, "tModulus and Internal Friction Effects in Irradi-
ated Metals, "! invited paper presented by D. Keefer at the Conference on Internal
Friction in Solids sponsored by the Institute of Physics and the Physical Society.
Conference held in Manchester, England, September 7-11, 1965. Invited paper
also presented at a seminar at SCK-CEN, Mol, Belgium (September 15, 1965)

III. PROGRESS DURING REPORT PERIOD

A . SEMICONDU C TOR IRRADIA TIONS (K. Thommen)

Efforts towards a systematic study of radiation defects in GaSb have been
started (April 1965). Experimental equipment has been built and assembled for
irradiation and electrical measurements on samples at temperatures between
4*K and 460*K.

Resistivity and Hall coefficient have been measured for an undoped GaSb-
sample between 20*K and room temperature. A simple impurity level scheme
has been constructed which gives good agreement with the experimentally ob-
served carrier -concentration between 25*K and room temperature. Below 25*K
an anomolous behavior of the carrier concentration is observed, in agreement
with the findings of other authors, which is most probably due to impurity band
conduction.

A p-type GaSb single crystal has been irradiated with 1.0-Mev electrons at
77*K. Measurements of resistance and Hall voltage revealed a decrease of mo-
bility and an increase of carrier concentration as a result of the irradiation. The
fractional change in mobility brought about by 1.75 x 1016 el/cm2 was -30%
whereas the corresponding change in carrier-concentration was only +4%. It
was observed that the reciprocal Hall-mobility varied linearly with the irradia-
tion dose.

Isochronal pulse annealing after the irradiation revealed,-distinct annealing
stages centered at 170, 210, and 375*0K. The fractional recovery in these 3
stage s was +0.33, +0.13, and +0.46 for the re sistivity and + 1.85 (change from in-
creased carrier concentration to decreased carrier concentration with respect
to the pre -irradiation value), -0.2 (further decrease of carrier concentration)
and +1.2 for the carrier concentrations. These numbers should be regarded as
preliminary results. It appeared that a small amount of damage remained in the
sample even after annealing at 4600 K, which was the highest annealing tempera-
ture in this experiment.

B. RECOVERY OF ELECTRON IRRADIATED ALUMINUM (K. Garr and A. Sosin)

The following abstracts have been submitted to the American Physical Society

for inclusion in the Los Angeles meeting to be held on December 20 to 22, 1965.

The Stage I recovery of high purity aluminum (99.9999%) has been investigated
following electron irradiation near 4.2*0 K. A movable slit arrangement was em-
ployed so that two samples could be irradiated separately, to different doses or
at different energies, and then annealed simultaneously, thus ensuring the same
thermal history during the recovery process. Isochronal annealing pulses were
taken every 1/2* between 10 and 50*K with the temperature being controlled to
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t0.03*K. A multiplicity of substages in the Stage I region has been observed, in
agreement with Dawson, et al. The ratio of slopes, R = (dP/dT)H/(dP/dT)L, of
the isochronal plots for samples irradiated to different doses and annealed simul-
taneously has been plotted versus T. Let r represent the ratio of the total dama-
age, high to low dose, (r = APH/APL) for two samples in the above mentioned
plot. The following has been observed: between 25 and 38*K R increases slowly
from slightly below r to slightly above r. At about 38*K there is a sharp in-
crease in R lasting about 5*. R then decreases to well below r and after about
2* again sharply increases to well above r, after which R once more decreases
to below r.

Let r > 1 be the ratio of increases in defect concentrations in two irradiated
samples. If the postirradiation decreases in concentrations are due to spectra
of first order processes, whose amplitudes are proportional to dose, a plot of
the ratio, R, of decreases versus time or temperature should be a straight line:
R = r. Deviations from this line are indicative of amplitude s not proportional to
dose and/or higher order processes. For processes of order V> 1, R = ruat the
beginning of annealing, decreases rapidly to unity. Stage I recovery in maetals
has been frequently described as a spectrum of first order processes terminating
in random migration leading to higher order characteristics. In the absence of
nonlinear amplitude -dose effects, recovery in Stage I would be expected to be
characterized by a ratio R constant at R = r, then increasing toward R = rV,
then decreasing toward unity. The behavior of R in Al (see previous paragraph)
between 25 and 45*K is in qualitative accord with such a model. The remaining
deviations from the R - r line must be due to other effects to be discussed.

C. THRESHOLD ENERGY OF ALUMINUM (H. H. Neely)

The increase in the residual electrical resistivity per unit electron flux
dp/dtp. was measured near 4.2*K as a function of electron energy. The electron
energy ranged from 0.19 to 1.6 Mev. The specimens were of 99.9999% purity
and <0.8 mils thick. Potential leads were spot-welded to the specimens well
within the irradiated portion to reduce the uncertainty in the geometrical factor.
The displacement threshold energy was extrapolated from the dP/dO versus Tm
curve to yield a value of Td 17 ev; this is to be compared with the value of
Mehner et al., Td = 16.5 3 ev. The usual tail in the damage rate curves ob-
served in Cu, Au, and Pt near threshold is absent in Al. This is consistent with
the model of Bauer and Sosin where the tail is attributed to the ejection of light
substitutional impurity atoms by focussons and thus may not be as important in
Al. The data do not fit the simple step -function displacement theory with a
reasonable value ofPf.

D. MODULUS CHANGES AT LOW TEMPERATURES - DISLOCATION PINNING
IN PURE Cu, Au, AND Al (D. Keefer, A. Sosin, and J. Robinson)

The following is an abstract of an invited paper entitled "Modulus and Internal
Friction Effects in Irradiated Metals, " by D. Keefer and A. Sosin. Modulus and
internal friction measurements have been made on Cu, Au, and Al following low-
temperature electron irradiation or quenching and subsequent thermal treatment.
Upon isochronal annealing, changes in modulus and internal friction resulting
from dislocation pinning by interstitials and vacancies have been observed in all
three metals, although the temperature ranges in which the effects occur are dis -
tinctly different. Results will be discussed in terms of point defect types in the
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three metals. Aluminum re sults will be contrasted with those obtained by yield
stress measurements. Final release of point defects from dislocations occurs
at higher temperatures in Cu than in Au or Al.

Dislocation pinning during extended irradiation at low temperatures has been
studied in Cu and Au. Analysis of data for both metals requires cognizance of
two dislocation components, these being different in their average loop length,
density, and cross section for pinning. Analysis shows the pinning cross -sections
for Au to be about 20 times those for Cu dislocations.

The rate of change of modulus with integrated electron flux has been studied
for Cu and Au at 20*K. Characteristics of these damage rates yield information
on the modes of defect production in the two metals.

The following is an abstract of an invited paper entitled "The Trapping of
Point Defects by Dislocations, " by D. Keefer and A. Sosin. Symposium spon-
sored by the AIME. The Symposium was held in Asheville, North Carolina,
September 8 to 10, 1965.

A discussion is presented concerning the major aspects of point defect-
dislocation interactions, comparing the extensive observations in copper with
more recent data in gold and aluminum. Dislocation pinning effects are empha-
sized and compared with related experiments.

The study of damage rate s in Au at 20*K as studied by modulus measurements
is now almost complete. We have observed dislocation pinning during irradiation
at electron energies below that at which direct lattice displacements are believed
to occur. This substantiates our previous suggestion that dislocation pinning in
Au can occur by focusing processes. The threshold energy for production of a
pinning point at a dislocation by a focusson (about 29 ev) is below that for lattice
displacements (33 to 36 ev). Comparison of calculated with experimental dis-
placement cross -sections shows that focusing processes predominate in the cre-
ation of pinning points in the energy range studied, up to 2 Miev. This is in con-
trast to Cu, where direct displacements at dislocations appear to account for all
pinning points created during irradiation at energies somewhat below 1 Mev. In
the case of l-Mev irradiation, some focusing process (possibly the dynamic
crowdion) may be operative.

A paper on the modulus work in Au is nearing completion.

E. POINT DEFECT RELAXATIONS IN IRRADIATED METALS (D. Keefer)

An investigation of the internal friction peak observed near 230*K in irradi-
ated Cu is continuing. The height of the peak has been found to be a function of
the integrated electron flux up to 9 x 1 0 1 el ectrons/c m2 (defect concentration
about 3 x 10 -7). In an attempt to clarify furthe r the origin of this peak, we will
presently investigate the dependence of peak height on the dislocation density.

F. ELECTRON IRRADIATION HARDENING OF METALS (0. Buck, D. Keefer,
and J. C. Robinson)

Two samples from a single crystal of pure Al have now been irradiated and
tested in the tensile apparatus. In general, the apparatus operated extremely
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well in all phases of the operation. Unfortunately, at least one of the samples
tested was cold-worked during the procedure. We are presently trying to find
the source of this cold-work.

G. DAMAGE PRODUCTION IN PLATINUM NEAR 70 K (W. Bauer)

A paper was presented at the APS meeting in Hawaii on the damage rate work

in platinum. The abstract is as follows.

"The increase in electrical resistivity per unit flux dp/dp of 99.999% pure
0.0002-in. -thick platinum foils was measured as a function of incident-electron
energy from 1.3 to 2.1 Mev. Reasonable agreement with the theoretical displace-
ment cross section, using a unit probability of displacement, is achieved with an
effective threshold energy of 26 ev and a value of Pf = 6.0 x l0-4 a cm/unit frac-
tional concentration of Frenkel pairs. In gold, the best agreement between the
theoretical and experimental cross -section was only achieved for an unusually
low value of Pf. The ratio of dp/dp for platinum to dP/dP for gold is a constant
(~6) for energies above approximately 1.7 Mev, as expected for elements of
similar atomic number, but decreases to zero near the threshold. These results
are interpreted to indicate that (1) directional effects in the displacement proces -
ses are more important in gold than in platinum, and (2) that indirect displace -
ment processes due to focus sons are more important in gold near threshold than
in platinum."

H. THRESHOLD ENERGY IN METALS (W. Bauer and A. Sosin)

A paper entitled "Recent Threshold Energy and Displacement Cross Section
Measurements in Metals, " was presented at the Radiation Effects Symposium of
the AIME at Asheville, September 8. The abstract is as follows.

"We present a general discussion of threshold energy measurements and the
inherent limitations imposed by theoretical and experimental considerations. A
discus sion of displacement cross -section calculations and measurements, includ-
ing their relationship to the effective threshold energy, is given. We review the
experimental results of measurements on copper and gold and discuss the latest
re sults on platinum and aluminum. Finally, an attempt is made to pre sent a co-
herent picture of displacement processes near threshold in these metals. "

I. INFLUENCE OF IMPURITIES ON THE RECOVERY OF ELECTRON
IRRADIATED GOLD (W. Bauer)

This work has been accepted for publication in Physics Letters. A summary
of the salient features of the results follows.

1. Between 500 and 200*K the recovery of the 5-9's and 6-9's samples is
practically identical both in the amount of recovery and in the position of the
stages as evidenced in the slope plot.

2. Between 200* and 340*K the amount of recovery depends on the purity in
a systematic manner, being smaller the purer the sample. Since the recovery
in Stage III was not observed to completion, no statement can be made as to
whether the center of the stage is shifted in temperature as a function of purity
or whether the total amount of recovery in Stage Ill is a function of purity.
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3. The recovery of the 4-9's sample is significantly different from the 5-9's
and 6-9's samples over the complete temperature range. There is suppression
of the amount of recovery (~5%) near 20*K and subsequent enhancement of re -
covery in the Stage III region.

4. The results of the measurements made on the 4-9's + 0.1 at. % Cu sample
basically confirm the trend indicated in (3), that is suppression of recovery at
low temperatures and enhancement in the Stage III region with decreasing purity.

5. We have found reproducible resistivity increases near 20*K and from 70*
to 80*K in the Cu-doped sample. The resistivity reading at 4.2*K after the
anneal at 20*K is larger than the resistivity after irradiation.

6. The damage rate (resistivity increase per unit electron flux) near 10*K
by 2 Mev electrons is a systematic function of the purity of the samples. The
rate increase approximately 10% with a decrease of a factor of 10 in purity.

J. EVALUATION AND INTERPRETATION OF THRESHOLD ENERGY MEASURE-
MENTS (W. Bauer and A. Sosin)

This work has been considerably revised and expanded to include a section on
multiple low angle electron scattering and its implications on single crystal ir -
radiations. The work has been resubmitted to J. of Appl. Phys.

IV. EVALUATION OF EFFORT DURING REPORT PERIOD

This period has been characterized largely by consolidation of views in sev-
eral areas of our research and presentation of these views at a number of meet-
ings. The large number of invited as well as contributed papers given during the
period is particularly gratifying to the group. A part of the period has been oc -
cupied by construction of new equipment and revision of some of the existing
apparatus. This is a reflection of the expanding interests of the group as well
as our intention to do more detailed work in several areas.

V. NEXT REPORT PERIOD ACTIVITIES

Work will be continued
summaries of Section III.
for the next period, while

in all areas, in the directions indicated by the status
Relatively little further reporting activity is planned

experimental work is expected to be emphasized.
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