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FOREWORD

The Reactor Development Program Progress Report, issued
monthly, is intended to be a means of reporting those items
of significant technical progress which have occurred in
both the specific reactor projects and.the general engineer~
ing research and development programs.- The report is or-
- ganized in a way which, it is hoped, gives the clearest, most
logical overall view of progress.- The budget classification
is followed.only in broad outline, and no attempt is made to
report separately on each. sub-activity number. Further,
since the intent is to report only items of significant prog-
ress, not all activities. are reported each month. In order
to issue this report as soon as possible after the end of the
month editorial work must necessarily be limited. Also,
since this is an informal progress report, the. results and
data presented should be understood to be preliminary and
subject to change unless otherwise stated.

The issuance of these reports is not intended to constitute
publication in any sense of the word. Final results. either
will be submitted for publication in regular professional
journals or will be pubiished in the form of ANL topical
reports.

-The last six reports issued
.in this series are:

August 1965 ANL-7090
September 1965 ANL-7105
October 1965 ANL-7115
November 1965 "ANL-7122
December 1965 ANL-7132

January 1966 ANL-7152
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REACTOR DEVELOPMENT PROGRAM
Highlights of Project Activities for February 1966

EBR-I1I

The scheduled maintenance and modification program during reactor
shutdown is in progress. New dip ring heaters have been installed in the
rotating plug seal trough, and the primary-tank heater thimbles have been
replaced with ones of new design. The primary system is being held at
280°F for current work.

The fuel-transfer arm, which had been operating with difficulty over
an extended period of time, was removed into an inert-atmosphere, neoprene-
nylon bag, cleaned, and inspected. It was found that the bell crank had broken
loose at the pivot point of vertical-horizontal movement. This is being
corrected by redesign and replacement of the bell crank. The procedure has
been valuable in demonstrating that components can be removed from the
reactor to facilitate repairs when required.

ZPPR

A supplement to the ZPPR Preliminary Safety Analysis Report, sub-
mitted to the AEC on February 3, 1966, describes a new backup containment
structure and provides answers to questions raised by.various Commission
review bodies. The report on the coring of the Gravel Gertie structure was
also forwarded to AEC this month.

ZPR-3

The first phase of the SEFOR critical experiments, run as part of
the AEC assistance program to the SEFOR project, was completed. In
addition to experiments with the unsegmented SEFOR core, Doppler experi-
ments were performed on a basis that did not interrupt the planned experi-
mental program. Work was begun on experiments with a SEFOR two-segment
fuel-element design.

PLUTONIUM RECYCLE PROGRAM (EBWR)

The unrodded and unpoisoned plutonium zone in the EBWR had been
found experimentally to have a multiplication constant of 1.001 when loaded
with twenty-two assemblies. A four-group, two-dimensional diffusion-theory
calculation for this configuration yielded a multiplication constant of 1.008.
In the calculation the control-rod followers were assumed to be made of
Zircaloy; actually, the lower 15-in. of the followers are of stainless steel.
Calculations will be made to estimate the reactivity effect due to the
stainless steel,
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ERRATUM to ANL-7152
Page 7, paragraph 5, sentence 3, reading "The fuel had received...

subassembly." should read: "The fuel had received 0.1-0.2 'a/o burnup on
the initial irradidtion and ~1.0 a/o burnup on the reprocessed subassembly."

*
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I. LIQUID-METAL-COOLED REACTORS
A. EBR-II
1. Operations

Work on planned maintenance and modifications, started after the
scheduled shutdown on January 23 (see Progress Report for January 1966,
ANL-7152, p. 1) is continuing.

Work has begun to-replace the 200 dip ring heaters in the large and
small rotating plug seals. The replacement heaters are clad in Type 405
stainless steel instead of Type 304 because of the better compatibility of
the former with the tin-bismuth alloy in the rotating seal.

After the heat transfer systems were cooled to 350°F, the secondary
system was drained and cooled to room temperature. The steam system
was cooled, drained, and all major components were opened for inspection.
Examination of the main condensers, No. 2 feedwater heater, and the steam
drum revealed no evidence of pitting or corrosion.

The temperature of the primary system was reduced to 280°F, and -
the primary-tank heater thimbles were replaced with ones of new design

(see Section I.A.4).

2. Removal of Fuel-transfer Arm

During cooling of the primary system, the locking-pin actuating arm
in the fuel-transfer mechanism became difficult to operate, despite frequent
programmed exercising. When checked with a specially fabricated tool that
duplicated the upper adapter of a subassembly, it was found that difficulty
existed in engaging and disengaging, and that the "sensing" feature of the
mechanism that indicates the presence of a subassembly was missing.

On February 19, the transfer arm and its shielding plug were re-
moved by raising them into a specially fabricated neoprene-nylon bag that
maintained the inert gas atmosphere. The operation was performed in a
routine manner as planned and proved valuable in demonstrating that equip-
ment can be removed from the tank when necessary to facilitate repairs of
vital components.

Adhered sodium was permitted to oxidize in air and then cleaned
from the assembly. When the inspection port between the horizontal and
vertical shafts of the transfer mechanism was cut open, the bell crank at
the pivot point of the locking pin and sensing rod mechanism was observed
to have failed. In addition, an aluminum-bronze bushing at the base of the
vertical shaft was badly deteriorated. A newly redesigned bell crank was
fabricated and is being installed.



Radioactivity associated with the removal of the transfer arm was
very low. Induced activity in the stainless steel of the mechanism was less
than one rnR/hr, beta and gamma, on contact. The maximum activity on the
carrier block after sodium removal was 12 rnR/hr at 2 in. Sodium activity
had decayed to 1072 ;.LCi/g, primarily due to Na?Z.

3. Maintenance and Minor Modifications

A number of maintenance jobs, minor modifications, and tests have
been accomplished during this shutdown period. These include the following:

Test and lapping of the steam-drum safety valves; overhaul of the
turbine-driven feedwater pump; mechanical modification to the fuel-
unloading-machine position-indicating system; cleaning of condensed sodium
from the N-1 and N-2 argon inlet and outlet nozzles on the primary tank;
maintenance on nuclear and process instrumentation; rebuilding the startup
feedwater pump; overhaul of the gland seal exhauster; many other minor
items.

Mechanical installation of the replacement feedwater-pressure con-
trol valve has been completed and control-system installation started.

4. Reactor Improvements

Replacement of the primary-tank heater thimbles went smoothly,
and new silicon-controlled rectifiers were installed for the heater-power-
control systems. After test these were placed in operation. Work is in
progress to eliminate noise from this power source in the low-level nuclear
instrumentation.

5. Reactor Physics and Kinetics

a. Computer Calculations. Work is being performed on digital
simulation of reactor kinetics for programming with the 1604 computer
when it becomes available.

Work is also being done on analog estimation of the accuracy of
kinetics analyses. The existing analog equipment shows fluctuations which
- may be difficult to eliminate.

A program for a 91-subassembly (Mark I-A) core with 14 ex-
perimental subassemblies "homogenized" in Row 4 was sent to the Applied
Mathematics Division for computation of power generation in the core and
blanket. The results will be used for determining temperatures and burnup
rates in the larger core.



The substitution worth of a'subassembly (blanket to enriched) in
Row 6 was calculated by Mach-1 code to be 0.30%; the average of previously
measured values is 0.31%. :

b. Fuel-pin Failure. A proposal is being considered to investigate
the consequences of actual failure of a fuel pin. It involves the reirradiation
of a bare Mark-I pin which has already reached a maximum burnup of 1.2 a/o. :
The irradiation will continue until the specimen fails as indicated by the fis-
sion product-monitoring systems, or it will be removed for inspection if no
such indication is received after reasonahle additional burnup.

To attain representative operating temperatures, the test speci-
men would be located at the center of a cluster of six unirradiated Mark-I-A
fuel pins. Autocatalytically propagated failure effects would be limited by
surrounding the test cluster with a ring of 12 stainless-steel-filled dummy
pins. Following failure, the reactor would be shut down and the test sub-
assembly removed for inspection.

c. Heat Transfer. The use of a steady-state heat transfer program
written for the 1620 computer allows an analysis of expected performance
(flow and temperature pattern) of all subassemblies scheduled for insertion
into the core. Also, the ARGUS program for transient analysis has been
applied to the 70 and 52% enriched driver subassemblies with an output giv-
ing subassembly time-temperature characteristics. The use of ARGUS
(transient) and the steady-state programs will allow a complete analysis of
the core whenever revised power distribution is required.

6. Experimental Irradiations

a. Neutron Radiography. A procedure was devised for preparing
very thin boron oxide-zinc sulphide films for use as neutron-sensitive
scintillators. Scintillators of this type appear promising as image con-
verters for neutron radiographic applications.

Calculations were made for the shielding requirements of irra-
diated experimental fuel capsules. According to the calculations, a dose
rate of 11 mR/hr would be observed at a distance of one meter from three
capsules with 25 cm of lead and 2 cm of iron as shield materials.

There has been considerable difficulty experienced in bonding
a very thin (0.001-in.) layer of boron nitride to a conductor without altering
the properties of the boron nitride. Because of these ditficulties, delivery
of a neutron-sensitive vidicon tube is delayed until early March 1966.

7. Fuel Cycle Facility

Two radial blanket assemblies (”A" fype) were dismantled, and rods
were prepared for transfer to the TAN hot cell facility for sampling and

\



examination. One of the assemblies (from Row 6) was removed for blanket
surveillance, and the other contained an experimental irradiation (A776X--
samples for o measurement).

A new bond-testing machine has been received from the manufac-
turer. This machine was redesigned to increase the life of the drive mech-
anism and the eddy-current coils. It will be installed in the Air Cell when
out-of-cell testing and calibration are completed.

In an effort to increase production by reducing the work load on the
pin-processor machine, four batches (272 pins) of Chicago-produced
Mark-I-A fuel pins were loaded into jackets; calculated values of pin vol-
umes rather than volumes obtained by the pin-processing equipment were
used. Preliminary bond testing indicated that the rate of acceptance for
sodium level in an element is normal. ‘

Work is continuing on identifying the character and nature of the
scale found on pins from the first returned subassembly (C-162) fabricated
from irradiated fuel (see Progress Report for January 1966, ANL-7152,

p- 7). A revised analysis of the scale shows that it contained only 0.8%
rather than 10% sodium. Samples of the scale have been submitted for
emission spectrographic and X-ray diffraction analysis. Metallographic
examination continues.

Transfer of fuel between the reactor and the FCF has been sus-
pended as a result of the maintenance and modification work being done on
the reactor.

Production is summarized in Table I.

TABLE I. Production Summary--February 1966

Subassemblies Received¥ 9
Subassemblies Dismantled 15
Subassemblies Fabricated 11
Subassemblies Transferred to Reactor¥* 7
Pins Neranned 1210
Melt-refining Runs:

Irradiated Fuel 9

Recycle Metal 1
Average Pouring Yield ' 92.9%
Injection-casting Runs 6

Pin Processing: (253 additional Chicago Mark I-A)

Acceptable Pins 734

Reject Pins 95
Pins Welded 1155
Leak Testing:.

Accepts 1078

Rejects 46
Bond Testing (completed runs):

Accepts 1233

Rejects 119

Surveillance: C-102, C-135

*Transfer of fuel between the reactor and FCF has been temporar-
ily suspended as a result of the reactor-modification program.



B. General Fast Reactor Physics

1. ZPR-3

The first phase of the SEFOR critical experiments in ZPR-3 was
completed this month. This is the experiment being conducted as part of
the Atomic Energy Commission's program of assistance to the Southwest
Experimental Fast Oxide Reactor (SEFOR) project. The experiments per-
formed during the first phase of the program were done on a mockup of the
SEFOR reactor core with an unsegmented fuel-element design.

Following completion of the first phase, experiments were begun
with a SEFOR mockup with a two-segment fuel-element design. This ex-
periment is intended to investigate the change in reactivity due to fuel ex-
pansion when measuring the SEFOR Doppler effect. A 2-in. gap is placed
in the fuel so that one segment expands into a region of higher reactivity
and the other expands into a region of lower worth. Criticality was reached
with 327.4 kg of Pu®924l  The ZPR-3 control rod was recalibrated, and
physics measurements were started.

a. Initial SEFOR Criticality. Following is a detailed description
of Assembly 47, a mockup of SEFOR at reactor loading No. 15, the loading
at which the assembly was first critical.

An interface view of Half No. 1 of the reactor is shown in Fig. 1.
All of the drawer type numbers are shown in their proper locations. Fig-
ures 2 through 5 show the actual arrangement of the materials in each type
of drawer loading. Half No. 2 of the assembly is loaded as the mirror image
of Half No. 1, except for the location of the C-6 and C-16 type drawers in the
core. These drawers will be discussed later. Figure 6 is a horizontal view
of the reactor showing the location and dimensions of the various regions of
the SEFOR mockup.

Two types of plutonium fuel are used in the mockup. The origi-
nal or "old" fuel on hand was plutonium with 1.1 w/o aluminum jacketed in
stainless steel in the form of plates of 1/8-in. nominal thickness. The addi-
tional plutonium required for this assembly was obtained as a Pu-U-Mo al-
loy, called "new." The plutonium enrichment is ZO%.v It is also canned in
stainless steel and is 1/4 in. thick. The new plutonium was loaded in core
region 1A and the old plutonium in core region 1B (see Fig. 6) to provide a
negative overall temperature coefficient of reactivity for this assembly.

The core drawer loadings are based on a unit of five drawers,
C-1 through C-5 and C-11 through C-15. These drawer loadings are shown
in Fig. 2. The remaining edge core drawers are shown in Figs. 3 and 4
along with blanket drawer BC-1 which is loaded behind all the core drawers.
The control drawers, CC-2 and CC-4, are loaded like C-2 and C-4 plus
BC-1, except that one column of l/8-in. aluminum is removed.
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On Figs. 2 and 3, front views are given of the various core
drawers, with the material in each column labeled. As a further elabora-
tion of these figures, the average quantity of material per lineal inch of
each column in the core drawers is given in Table II. The stainless steel
associated with drawers and matrix tubes is also given in Table IIl. The
stainless steel alloy is Type 304 and has a nominal composition of 69.7 w/o
Fe, 17 w/o Cr, 10.4 w/o Ni, 1.1 w/o Mn, and 0.6 w/o Si.

TABLE II. Composition of Individual Columns

Column
Nominal Thickness o Composition of 2-in.-high
Material (in.) _ . . Column (g/in. of length)
100% Al . , 1/8 N 10.62 Al
63% Al 1/8 6.73 Al
BeO ‘ 1/4 8.158-Be, 14.482-0
Na,CO; 1/4 6/18-Na, 1.609-C, 6.437-0, 8.60-5S
Depl. U 1/8 73.99-U%8, 0.16-U?*°
New Pu 1/4 18.259- Pu??24, 1.630-Pu®®, 79.57-U>®,
. : 2.55-Mo, 7.14-8S, 0.17-U?* :
0ld Pu ‘ 1/8 32.83-Pu???24, 1.568-Pu’®, 0.36-A1,
~ 8.29-SS
SS 1/8 30.71-S8

Drawers and
matrix 56.53-SS

11
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TABLE III.

Core Drawer Substitutions for Increasing

Plutonium Enrichment

Type C-6 for C-5

Type C-16 for C-13

Half No. 1

Half No. 2

Half No. I Half No. 2
1-L,-13 2-R-12 1-J-11 2-U-11
1-0-13 .2-K-13 1-Q-11 2-U-16
1-S-13 2-N-13 1-H-16 2-K-21
1-1.-18 2-Q-13 1-R-21
1-0-18 2-K-18
1-P-18 2-M-18
" 1-5-18 2-0Q-18
2-R-18

Figure 5 shows the drawer loadings for the radial sodiumn and
stainless steel Region 2, the radial reflector Region 3, and the boron car-
bide shield. Stainless steel was substituted in part of the reflector because
there was insufficient nickel on hand.

To achieve criticality in loading No. 15, the plutonium enrich-
ment was increased by substituting core drawers C-6 for C-5 and C-16 for
C-13. Table III lists the matrix positions where these substitutions were

made.

Table IV lists the actual material composition of the regions in
the assembly with all control drawers inserted. With the configuration, the

measured multiplication constant, k, was 1.00030 * 0.00003.

The mass of

this loading included 314.31 kg Pu®924! ip 3 core volume of 527.6 liters.

TABLE IV. Assembly 47 Composition for Loading No. 15

Reactor Region

Material Composition {g/cc)

Volume Pu239 :
Name Na. () Pyl py20 7R 235 Bo. 0 Mo o Na Al 4S5 Ni
Core
{New Pu) 1A 3.1 0.5875  0.0%25 306 0006 0085 0416 0.082 0067 0253 0313 131
Core .
(0ldPw) 1B 324.5 0.6007 00287 312 0006 0081 0406 0.067 0.252  0.346 1.43
Radial
Na/$s 2 6615 0.235 0022 2.16
Radial
Reflector  3(Ni) 579.2 0.276 0.60 636
Radial .
Reflector  3(SS)  155.6 0.274 6.29
Axial .
Reflector 4 195.5 0.035 0.39 . 1.62 4.2
Axial .
Nalss 5 127.7 0.075 0.182 3.58




b. Radial Fission and BF, Traverses. To complete the determina-
tion of the power distribution in the SEFOR reactor, radial traverses were
made to augment the axial traverses previously reported (see Progress Re-
port for January 1966, ANL-7152, pp. 11-13).

The design details of the mockup for both the radial and axial
traverses were as described in Section l.a. U??® and Pu®? fission counters
and a BF; proportional counter were used for the traverses. The traverse
tube was placed at the radial midplane of the reactor in the front of the
drawers in the 16th row in Half No. 2. Figures 7, 8, and 9 show the results
of the three traverses with the SEFOR rods Nos. 2 and 3 completely in-~
serted. The slight tilting of the curves is perhaps due to the fact that the
fuel columns in the outer core region are not symmetrical about the vertical
midplane of the assembly, causing the half of the core nearer rod No. 2 to be
loaded a little heavier than the other half of the core. Figure 10 is a Pu®®’
traverse with SEFOR rod No. 3 removed. The peak in the sodium and stain-
less steel region caused by the nickel reflector is eliminated, as may be
seen by comparison with Fig. 7.
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Fig. 10, Radial Traverse with Pu239 Figsion Counter and SEFOR Rod No. 3 Removed

C.

Spectral Indices. Fission ratios were measured at the center

of the core to help determine the neutron spectrum at this point. Two gas-

TABLE V. Central

Fission Ratios
023/025 = 1.451
049'/025 = 0.9] (\%
040/025 = 0.2006

flow-type absolute fission counters were placed in
the center of the core; one counter contained a y?3s
foil as a standard, and U?33, U238 Pu?? and Pu?*
foils were placed in the other. The results are
listed in Table V.

d. Measurements of Reactivity Worth. The
reactivity worths of 1nany materials of interest to
reactor design were measured at the center of the
core. Two-inch cubes of materials, either solid
material, material in stainless steel cans, or thin

samples with l/8—in. pieces of aluminum to make the 2-in. cube of ma-
terial required by the changer, were moved in and out of the core by means

of a sample changer.

Results are given in Table VI. All measurements

are compared to a 2-in. void in the center of the core. Since corrections
for any aliminum or stainless steel around the samples were made the ‘
numbers given are for the materials as listed. Corrections for tempera-
ture drift, which was appreciable, were determined by making reference

measurements frequently between the sample measurements.

15



TABLE VI. Measurements of Central Reactivity Worth Relative to Void

Sample Weight (g) Material Worth

Material Sample Size (in.)} Material Aluminum Stainless (Ih/kg)
Al (100%) o 2x2x2 350.5 - - -15.0£ 0.6
Al (45%) . 2x2x2 143.2 - - -13.2%+ 1.4
SS . 2x2x2 1026.1 - - -10.8 £ 0
SS 8-—1/4 x2x2

Empty Na cans 166.8 ° 0 0 -11.6 % 1.2(2)

Fe 2x2x2 1028.0 - - -9.4%0.2
Mo 2x2x2 1279.8 - - -38.0 £ 0.2
Cr 2--1 x 2 x 2 cans 439.2 - 102.4 -10.7 0.5
Mn 2--1x 2 x 2 cans 597.3 - 102.0 -21.3+0.3
Ni v ax2 1150.4 - - S13.8%0.2
Na 2--1x 2 x 2 cans 91.2 - 195.0 -84 % 3.0
Be 2x2x2 240.7 - - +33.2% 0.8
BeO 2x2x2 361.3 - - +4.4% 0.6
Al,O, 2--1x 2 x 2 cans 224.2 - 174.1 <15 2%0.9
Fe,04 2--1x 2x 2 cans 341.0 - 180.4 -11.7 £ 0.6
Graphite 2x2x2 196.4 - - -9.7%1.0
Zr 2x2x2 846.0 - - -10.7 % 0.2
Bi 2x2x2 1276.2 - - ~2.1+0.2
Ta 2--1x 2 x 2 cans 1004.0 - 102.4 -103.2 % 2.0
w 2--1x 2 x 2 cans 1867.2 - . 103.1 -35.6 0.1
B,C (Enr)(b) 1--1/4x 2x 2 32.4 125.4 - -4300 £ 125
Depl U 2x2x2 2460.4 - - -21.2%0.1
pulc) 1--1/4 ¥ 2% 2 can 93.0 153.1 - +462 % 2

Puld) 1--1/8 x 2 x 2 can 69.1 135.3 17.9 1448 £ 3

puld) "2-21/8x 2 x 2 cans 138.1 126.7 35.9 1169 2

puld) 3--1/8 x 2 x 2 cans 207.2 119.0 53.8 +474 £ 1

Pu- U-Mol®) 1--1/8 x 2 x 2 can 79.9 135.9 14.6 +52.4 £ 2.5
Fu-U. Mo(e) 2--1/8 x 2 x 2 cans 159.8 124.5 29.2 +56.7 % 1.3
Pu-U-Mole) 3--1/8 x 2 x 2 cans 239.7 117.0 43.8 +59.11 0.8
Enr ulf) 1--1/16 x 2 x 2 plate 72.1 146.6 - $328 £ 3

Enr ulf) 2:-1/16 x 2 x 2 plates 144.2 136.0 - +335 £ 2

Tinr Ulf) 3--1/16 x 2 x 2 plates 216.4 136.5 - +331 £ 1

2/Average of two measurements.

)
b)62.33 w/o B!, 7.01 w/o B!}, 30.66 w/o C.

€)94.51 a/o Pu?®?, 5.11 a/o Pu?*, 0.38 a/o Pu?®.

4)95.06 w/o Pu?, 4.55 w/o Pu*®, 0.39 w/o Pu¥,

e)17.86 w/o Put¥t# ) 64 w/o Pu*®, 78.0 w/o Depl U, 2.5 w/o Mo.
)93.0 w/o UPS,



e. Measurements of Ratio of U?3® Capture to U?*® Fission. Natural
and enriched uranium foils were irradiated at four radial core positions in

the reactor midplane. The fissions and captures in the foils were deter-
mined by radiochemical analysis. Fissions were determined by the Mo%
production and captures were determined by the Np?*? production. Table VII
lists the results of the analysis. The natural uranium foils were placed in
the mirror image positions from the enriched foils, except for sample 1E,
which could not be placed in 1-N-17 because the drawer type had been
changed. Figure 11 shows the exact position of the foils in the front of the
drawers.

TABLE VII. Results of Fission and Capture Analysis of Natural and Enriched Uranium Foils

Foil Foil Size Enrichment Foil Wt Captures/g

No. (in., mil) (%) Location (g) Fissions/g (x 1079)

1E 0.995 dia x 5 93.09 1-Q-17 1.2715-- 1.29 x 101°

2E 0.995 dia x 5 93.07 1-N-16 1.2715 1.32 x 10°

3E 1/4 x 1 x 20 93.18 1-N-12 1.5237 1.08 x 10%°

4E 1/4 x 1 x 20 93.18 1-N-9 1.5752 7.20 x 107 _

5N 1.0 dia x 10 . Natural 2-N-17 2.5000 4.13 x 108 2.03

6N 1.0 dia x 10 Natural 2-N-16 2.4378 4.23 x 108 1.95

7N 1/2 x 1 x 25 Natural 2-N-12 3.7393 3.86 x 10°® 1.42

8N 1/2x1x25 Natural 2-N-9 3.7043 2.18 x 108 1.08
f. Doppler Effect Measurements. Measurements of the Doppler

effect in U*® with the SEFOR core were made by means of a newly developed
foil-activation technique that requires only a half-hour irradiation at 50 W.

A scintillation counter was used to discriminate against the
fission product activity in a highly depleted uranium foil in a fast-neutron
spectrum. The gamma counter (developed by Davey of the Idaho Division)
uses a combination of a thin lead filter and a thin Nal crystal, and has good
efficiency hetween about 40 and 90 keV. With the aid of a pulse-height ana-
lyzer, the 74-keV gamma ray of U?? can be counted with only 5 to 20% of
the total count arising from fission products. An automatic, two-position
changer combined with a Nuclear Data Analyzer Type 180 is used so that
two foils may be counted repeatedly in succession with a single detector.

A simple electrically heated resistance furnace is evacuated to
eliminate oxidation of the uranium and reduce heat conduction. The resis-

tance coil heats a ceramic element suspended inside the furnace, and one foil

is located in a recess in the ceramic. The other (cold) monitor foil is lo-
cated outside the furnace. '

The experiments consist of comparing the U?*? activity of the
inner (furnace)-foil and the outer (cold monitor) foil at different tempera-
tures. The foils are 0.005-in. thick and 0.50 in. in diameter, and are
identical in weight. The U??*® content is nominally 0.2%.
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Two separate experlrnents, in wh1ch fuel and dlluent plates were
arranged so that the neutron spectrum at thée measuring furnace was as close
as practicable to that in a homogeneous reactor, gave a mean increase of
3—1- * 1/2% for a ternperature rise from 27 to 500°C. A simple calculation,
using Argonne's Cross Section Set 224, gave a value of approximately 4% for
the same temperature rise. This agreement is encouraging, but should not
be overemphasized. A second series of experiments, in which the local fuel
and diluent plates .were reoriented, gave a measurement approximately -
twice this value of 3%%. Clearly, the local environmental effects must be
investigated carefully before these activation results can be accepted.
Manganese-activation measurements carried out in the same core indicate
that Set 224 may be appreciably in error in predicting the low-energy
spectrum. .

2. ZPR-6

a. Reactivity Worth Measurements. Measurements of reactivity
worths with Assembly 4Z continued (see Progress Report for January 1966,
ANL-7152, pp. 14-15). Specifically the worths of Na, C, U®5, and U?*® were
measured as a function of radius relative to void.

The sodium-void coefficient was also measured as functions of
distance in the axial direction. A check of the heterogeneity effects on the
sodium void coefficient was made by repe’lating the measurements with the
sodium cans loaded between plates of graphite, the relative positions of the
sodium cans and the enriched U®° plates being left undisturbed. Only the
depleted uranium plates were exchanged with graphite plates. The results
of these measurements are currently being analyzed.

b. Shutdown Reactivity as a Function of Time. ZPR-6 utilizes
10 fuel-bearing dual-purpose rods which are ejected from the core when
scrammed and 11 (usually 12) B'® safety blades which are inserted into the
core when scrammed. It is of interest to know the shutdown feactivity as
a function of time. It is also of interest to determine whether the sum of
the individual rod worths as measured in a critical assembly is equal to
the total rod worth as measured during a scram condition. The following
work was done with Assembly No. 4Z of ZPR-6.

Measurements of reactivity versus time were made with'a BF,
ionizalion chamber uperating at an initial current level of ~107% Amp, a
P2-A Philbrick operational amplifier with a 10’-ohm-voltage-developing
resistor damped by a 100-PF capacitor,! a Dymec analog-to-digital con-
verter, and a CDC DDP-24 digital computer. The computer was used on-
line to accumulate the data. The reactivity as a function of time was cal-
culated by use of a space-independent, one-energy-group, kinetics code.
The calculated results were plotted automatically by a Calcomp plotter.

The amplifier was located in the reactor cell by the chamber to reduce
noise and hum pickup.
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Figure 12 shows the reactivity-removal rate due to scramming
nine dual-purpose rods from full in (0.000 cm) to full out (60.000 cm), and
1 dual-purpose rod from

200 18.000 to 60.000 cm. Time
O ~ocoooocnang, zero on the chart is ~2 msec
°°o° before magnet power was re-
» -80.00{— o . .
H %, moved. Sampling intervals
£ _160.00- % were 5 msec. It is seen that
z % ~50 msec elapsed before the
E'Z4°'°°'_ : °°° : rods started moving; the
2’_320.00_ °°°° v scram was essentially over
°o°° A ~ in ~220 msec.
-a00 00| o
480,00 L W ’ It 15 noted that there

O 0.04 008 0.2 0.6 0.20 0.24 0.28 0.32 0.36 0.40 is a slight rise in the curve

SECONDS AFTER SCRAM aller 220 msec which sub-
Fig. 12. Rate of Reactivity Removal due sequently returns to the
to Scram of Dual-purpose Rods previous basc line. This is

. attributed to a small amount
of 60-cps hum noted on the output of the amplifier when connected to the
A to D converter. Hum is known to offset the data in this manner at low
signal levels.

Three significant conclusions can be derived from this figure:
(1) The reactivity-removal rate as a function of time due to the dual-
purpose rods is nearly constant for this core after the rods start moving.
(2) It takes ~50 msec before reactivity

removal starts.? (3) Thc total mea- 20.00
sured worth of the rods removed dur-
ing the scram is ~460 Ih, whereas the 0 [e00000
total worth obtained by summing the °
individual rod worths is ~463 Ih. Thus, ~ -20.00
the total worth agrees within the un- ¢ °
certainty of the rod calibration, which g—m.oo—
is estimated to be ~%*5 Ih. It is not £ o
clear at this time whether or not this
close agreement is fortuitous. z “eooor °
: %o

Figure 13 shows the reac- " -s0001- ooo
tivity-removal rate due to scramming %o
both the dual-purpose rods and the -100.00 |- °°o°°
11 B'? safety blades. Again, reactivity 00%00009%00000
removal starts ~50 msec after magnet- -120.00 | | L L
power removal and is essentially com- ° O'OBSECO&': AFT:::cRAMO'” 0-40
pleted in 240 msec. The time between
points is 10 msec in this case. The Fig. 13, Rate of Reactivity Removal due to
total worthmeasured during the scram Scram of BV and Dual-purpose Rods

Z To get total delay in the case of an instrument scram, the instrument and relay response time must be
added to this. The relays utilized would add another delay of 20-25 msec.



was ~1040 Ih. For the rod configuration during this scram, the worth of

the dual-purpose rods obtained by summing the rods individually, was

367 ITh. Two typical B'® rod worths were measured; one value was found to
be ~61 Ih and the other ~59 Ih. The other nine B!% rods should average
approximately the same with 5% or less. Assuming they are the same, the
B!® rods would be worth ~660 Ih, making the total worth ~1027 Ih. Thus the
results obtained from the total scram measurement also agree with the sum
of the individual worths within the estimated accuracy of the rod worths.

Figure 14 shows the shutdown reactivity rate due to eleven B!®

safety blades and one dual-purpose blade (the latter scrammed accidentally).

Reactivity removal starts about 50 msec after loss of magnet power. Ap-
proximately 90% of the worth is inserted in ~120 msec. The B! rod
"bounce" is seen immediately thereafter. The final slow rate of reactiyity
removal is attributed to the slowing-down action of the pneumatic dampers
for the B!? rod and the one dual-purpose rod (the damping action for the
dual-purpose rods occurs outside the core). From the graph the total worth
of the B!? blades and the dual-purpose rod is ~725 Ih. The estimated total
B!? worth of ~660 Ih plus the worth of the dual-purpose rod of 66 Ih com-
pares favorably with this measured value.

The above data were taken with the reactor operating at ~200 W
and an ionization-chamber current of ~10"® Amp. Figure 15 shows the data
obtained with the B!® rods when the reactor power was ~10 W and the initial
ionization-chamber current ~5 x 10" Amp. The statistical fluctuations be-
came quite pronounced. '
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Fig. 14. Rate of Reactivity Re- :
moval due to Scram of Fig. 15. Rate of Reactivity Removal at Low Power
B0 safety Rods Level due to Scram of B10 Safety Rods
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3. ZPR-9

Experimental studies with ZPR-9 Assembly No. 8 were completed
during this reporting period and a major effort was directed toward con-
verting the ZPR-9 facility to a steel matrix for the small zone studies in
the Civilian Power Program.

The final measurements made on the BeO reflected Assembly No. 8
included the hydrogen void experiment, a number of central worth measure-
ments and a series of reactivity and reaction rate traverses. The addition
of a 20-mil thick x 2-in. wide strip of polyethylene to each of the core
drawers introduced 172.55 g of hydrogen to the core and had a measured
worth of +0.61% Ak/k. Subsequent additions of 154.58 g of hydrogen to the
BeO reflector added 0.1% Ak/k. Other parameters measured on Assem-
bly No. 8 are listed in Table VIII.

TABLE VIII. ZPR-9 Assembly No. 8--Experimentally
Measured Parameters

Critical Radius: 31.74 cm
Mass: 278.8 kg U

Reflector: 11.14 cm BeO plus 47.17 cm Al Isolation Blanket
Edge Fuel Worth: 18.3 Ih/kg of U®® relative to BeO

Central Reactivity Worths

C +8.7 Ih/ky
B!° -2481

U2 168.7
OES -14.8

H* +4860

w -11.6

Re 472

Gap Worth: 1.05% % cm

*Extrapolated to infinite dilution.

All of the physics measurements associated with the rocket program
are currently being re-examined and compared to a consistent set of calcu-
lations so that the three major objectives of the program (i.e., the magnitude
of the reflector oriented control margins, a consistent set of tungsten cross
sections, and the effects of hydrogen in a fast core) can be properly evalu-
ated. This summary is being prepared as a topical report.
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The major change in the facility will be the replacement of the pres-
ent aluminum matrix assembly with a stainless steel matrix assembly of
approximately 5.5 foot cross sectional area. This is being accomplished in
order to be able to obtain the proper composition more representative of
dilute fast reactors. Two inch square stainless steel tubes which have been
welded in bundles of twenty five which have been on order since April 1965
are currently being received. It is anticipated that all of the required bun-
dles of stainless steel tubes will be delivered by the end of March 1965 for
assembly on ZPR-9. :

Installation of the stainless steel matrix assembly, Doppler effect
equipment and the loading of the core reflector is planned to be completed
by the end of ‘April 1966. Loading of the fuel for. ZPR-9 Assembly No. 11
for Doppler effect measurements is expected to commence around the first
of May 1966.

ZPR-9 Assembly No. 11 will be the first of a series of small (less
than 500 kg critical mass) zoned cores primarily for Doppler effect mea-:
surements. Its objective will be to test, in conjunction with ZPR-6 Assem-
blies 4Z and 5, the predictability of Doppler effect measurements for a full
size fast reactor based on small zoned core approximations. Assembly No. 11
will have a central zone whose composition will be the same as the central
‘zone of ZPR-6 Assembly No. 4Z, and the uniform full scale composition of
" Assembly No. 5, a 2600 liter dilute carbide fast reactor. Succeeding cores
will have compositional variations simulating the compositions of other
large dilute fast reactors for Doppler effect, spectrum and other phys1cs
measurements. '

4. ZPPR

The supplement to the ZPPR Preliminary Safety Analysis Report
was completed and transmitted to the AEC on February 3. It contains a
description of a backup containment structure, an analysis of the conse-
quences of the maximum credible accident (fire) in the ZPPR cell, includ-
ing the capabilities of the backup containment structure, an analysis of the
probability of an excursion in the ZPPR reactor, a discussion of the con-
jectured behavior of the reactor during a hypothetical excursion (design
basis accident), and an analysis of the consequences of the hypothetical
excursion (design basis accident) which includes inhalation doses at the
nearest site boundary and other surrounding areas.

The report on the coring of the Gravel Gertie structure was com-
pleted by Eberline and Associates and forwarded to the AEC on February 23.

The following is the current status of the reactor components:
a. Bed and Tables. The detailed drawings of the bed and two tables

were approved and returned to the vendor on February 16. Preparations for
direct fabrication by the vendor have begun.
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b. Matrix Drawers. Two prototype drawers have been accepted.
Approval for start of production was given on February 17. The vendor
has suggested eliminating the electropolishing operation and substituting a
flapper-wheel sanding operation to deburr the holes. The sample provided

by the vendor was examined and found to be satisfactory. The requirement

of the specifications was to remove the éharp edges and burrs, and the ven-
dor was instructed.that either method of finishing was acceptable.

c. Matrix Tubes. Laboratory representatives inspected the ven-
dor's gauges and inspection procedures and found them to be adequate.

The weld height on some tubes ranged from 0.000 to 0.003 in.
ahnve the surface in small areas. No weld above surface is permitted. The
vendor is setting up a belt sander to grind and obtain a flush surface.

Six hundred and twelve tubes were accepted with minorv correc-
tions to be made. Approximately 600 additional tubes were fabricated and
were inspected, although 450 of these did not yet have the notch cut in be-
cause of a broken notching die, now being repaired. Dimensional measure-
ments were acceptable with the exception of the weld protrusion as explained
above. The work is progressing satisfactorily.

Several prospective vendors were visited to explore the possi-
bility of bundling the tubes. The bid package for bundling is being prepared.

d. Fuel-rod Drives. All ten of the fuel-rod drives have been re-
ceived and are being checked out at ANL.

_ e. Nuclear Instrumentation. The nuclear instrumentation is approx-
imately half complete. All items have been ordered. One trip circuit has
been fabricated to check out the fail-safe features. Tests of individual com-
ponents indicate no single failure results in a nonfail-safe performance.
Testing is continuing.

; f. Gamma Monitor Equipment. Three of the seven instruments are
complete. All parts are ordered or received.

Other ANL ptrocuremeunl ileins are delayed pending the release
of funds by the AEC. :



C. General Fast Reactor Fuel'Development

1. Metal Fuels

a. Compatibility of Jacket Materials with Molten U-Pu-Zr and
U-Pu-Ti Alloys. The rates at which molten U-Pu-Zr and U-Pu-Ti alloy
fuels (see Progress Report for January 1966, ANL-7152, p. 33) dissolve
jacket alloys are being determined. Type 304 stainless steel tubes were
plunged into molten U-15 w/b Pu-10 w/o Zr; at 1350°C the penetration rate
was 0.076 mm/sec and at 1400°C it was 0.136 mm/sec. V-20 w/o T1i tubes
were plunged into molten U-15 w/o Pu-6.5 w/o Ti; at 1300°C the penetra-
tion rate was 0.0027 mm/sec and at 1450°C, 0.027 mm/sec. V-20 w/o Ti
has the better resistance to dissolution.

2. Carbide Fuels

a. Compatibility of (U,Pu)C with Potential Jacket Materials,
Because of difficulties involved in the large-scale production of single-
phase uranium-plutonium monocarbide, this study is concerned with:

(1) the relative compatibility effects of stoichiometric and nonstoichiometric
uranium-plutonium carbides with potential commercial jacketing alloys,

and (2) possible modification of nonstoichiometric uranium-plutonium car-
bides to improve compatibility with these alloys.

Compatibility couples, containing both single-phase monocarbide
and two-phase hyperstoichiometric carbides, which have been heat-treated
at 800°C for 42 days (approximately 1000 hr), are being examined.. The
single-phase monocarbide contained 4.83 w/o equivalent carbon and the
hyperstoichiometric carbide 5.25 w/o equivalent carbon, resulting in a pro-
portionate amount of (U,Pu),C; as a second phase. [Weight percent equiva-
lent carbon = w/o C+ (w/o O x0.79) + (w/o N x 0.857).] The extents of
the diffusion zones in three of the alloys were as follows.

Stoichiometric Hyperstoichiometric

Hastelloy-X ' 8 K _ _ 8 u
Type 304 Stainless Steel | Nil 25 u
16-25-6 Alloy : 2T Mo - 34 u

The diffusion zone in the case of Hastelloy-X was in the direction
of the fuel and appeared to be unaffected by the presence of the sesquicarbide
phase. The reaction product has not as. yet been analyzed but is believed to
be directly related to the relatively high nickel content of Hastelloy-X. In
the cases of Type 304 stainless steel and 16-25-6 alloy, diffusion zones were
within the cladding. . Presumably,. these zones are related to carbon diffusion,
and analyses are planned to determine carbon content.

25
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Similar compatibility couples containing 16-15-6 alloy and N-155
alloy are being examined metallographically while one containing Haynes 56
alloy is currently being heat treated.

b. Density and Phase Distribution. Firing studies were initiated to
determine the density and phase distribution obtained for pellets formed
from mixtures of nonstoichiometric uranium-plutonium carbides and metal
powders. A hypostoichiometric uranium-plutonium carbide button was pre-
pared by the arc-melting process. Samples of the button and of -44-4
powder obtained by crushing the button were submitted for chemical analy-.
ses, with the following results:

C (w/0) O (ppm) N (ppm)

Arc-Melted Button 4.42 44 330
-44-1 Powder 4.36 110U 54U

Pellets containing 0.75 w/o Carbowax 4000 as a binder were
pressed from this powder at a pressure of 2815 kg/crnz.‘ A second set of
pellets containing an addition of 3.89 w/o iron powder was prepared in an
identical manner. Firings were made in an argon atmosphere and held
3 hr at the maximum firing temperature. Densities obtained were as follows:.

Density.(g/cm?) % Theoretical Density

Fuel 1400°C 1500°C 1600°C 1400°C 1500°C 1600°C
Unmodified 10.41 11.05 11.47 76.5 81.3 84.4
Fe Modified 10.31 11.29 11.17 75.9 83.2 82.3

Metallographic examination of the pellets is in progress.

3. Jacket Development

~a. Vanadium-base Alloys. Prior screening tests of vanadium-base
alloys have indicated that the V-15 w/o Ti-7.5 w/o Cr alloy has a greatly
improved creep resistance (Progress Report for June 1965, ANL-7071,
p. 21) and a somewhat improved sodium corrosion resistance (Progress
Report for April 1965, ANL-7045, p. 20) as compared with the first-
generation V-20 w/o Ti alloy.

Scale-up operations for the V-15 w/o Ti-T7.5 w/o Cr alloy have
been under way for several months. To date, three production-size ingots
(9.7 cm in diameter) have been consolidated by double arc melting under
a helium-argon atmosphere. All ingots were sound and homogeneous.
Analytical results for alloy content and interstitial elements are shown in
Table IX. The consolidation technology for this alloy has been satisfactorily
established except, perhaps, for minor adjustments or improvements.
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TABLE IX. Analytical Results for Arc-cast V-15 w/o Ti-7.5 w/o Cr Alloy Ingots

Ingot and Location

AMb64 AM68 . AM7T5

Element Top Middle Bottom Top Middle Bottom Top Middle Bottom
Titanium, w/o 15.1  14.5 14.8 14.9  14.7 14.6 15,1 14.7 14.7
Chromium, w/o 7.5 7.3 7.8 7.6 7.3 6.9 7.5 7.6 7.5
Carbon, ppm 234 - 265 222 - 226 229 - 187
Oxygen, ppm 772 - 632 810 - 810 660 - 630
Nitrogen, ppm 390 - 410 390 - 440 540 - 360
Hydrogen, ppm 13 - 15 17 - 13 45 - 19
Total Inter-
stitials, ppm 1409 - 1322 1439 - 1489 1474 - 1196

The three ingots have been successfully processed into tubing,
rod, and sheet. Primary fabrication is by double extrusion. Billets are
"canned" in stainless steel to prevent contamination and extruded at 1100
to 1150°C. Following an arc-cast ingot breakdown extrusion, billets are
re-extruded into shapes suitable for secondary fabrication.

Secondary fabrication of rod and sheet by cold rolling has pre-
sented no problems if as-extruded material is vacuum annealed at 850 to
900°C prior to cold working to eliminate edge and nose cracking. Extruded
tube blanks are annealed and given a light swage over a hardened mandrel
to improve wall uniformity and surface quality. The tube blanks, approxi-
mately 2.03 cm in OD with a 0.25-cm wall and 100 cm long, are tube-
reduced to 1.63-cm OD and 0.13-cm wall on an ANL-designed three-roll
tube-reducer. Schematic details of the tube-reducer are shown.in Figs. 16
and 17. The tube-reducing operation has significantly reduced the number
of processing steps from extruded tube-blank to finished tubing.

The tube-reduced blanks; are finished to required final sizes
(a typical size being of 0.290-in. OD with 0.015-in. wall) by mandrel or
plug drawing and inspected by nondestructive techniques. Tube-reduced
blanks are also being furnished to a commercial tube-redraw firm to
establish commercial capability in this area.

In conjunction with fabrication development, annealing charac-
teristics of the V-15 w/o Ti-7.5 w/o Cr alloy (and a similar V-15 W/O Ti-
5 w/o Cr alloy) have been studied. The change in hardness as a function
ot annealing temperature is shown in Fig. 18. Although the 700°C aunneal
for V-15 w/o Ti-7.5 w/o Cr produced a grain morphology characteristic
of a fully recrystallized structure, a temperature of 800°C is the more
logical recrystallization temperature because of the slightly lower hardness.
In the sample annealed at 800°C, the mean grain diameter was 0.006 mm.
The increase in hardness observed for anneals at 1000°C and higher, es-
pecially at 1250°C, is thought to be due to a change in the nature and
morphology of the precipitate. This has been observed in metallographic
examination but requires further confirmation by other techniques. ,,
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so0l®~ Although the micro-
N o VoI5 Ti-7.5Cr structural changes as a function of
3 a0l \\\\\\ ® V-I5 Ti-5Cr annealing temperature and the sub-
2 \\ sequent effect on properties has not
I 260~ been fully evaluated as yet, the
;‘ \ fabrication development has pro-
2 2901 ceeded to the point where material
%220_ is being made available for more
definitive testing.
sool—l 1 1+ 1 1 (1 1 L 1 1t |
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TEMPERATURE, °C b. Thermal Expansivity of
V-15 w/o Ti-7.5 w/o Cr. The linear
Fig. 18, The Change in Hardness as a Function of tharmal expanainn hehavione of

1-hr Anneals for'V-15 w/o Ti=7.5 w/o Cr V.15 w/o Ti-7.5 W/O Cr was deter-
and V-15 w/o Ti-5 w/o Cr mined between 25 and 960°C. The
dilatation specimen was machined

from an alloy rod that had been annealed for one hour at 900°C in vacuum

and had.a density of 5.88 g em” 3.

Values of the mean coefficient of linear expansion are given in
Table X for the temperature ranges indicated.

TABLE X. Linear Thermal Expansion of Annealed
V-15 w/o Ti-7.5 w/o Cr '

Temperature Range Mean Linear Expansion Coefficient
(oc) (10—6 oc-l)
0-250 9.30
0-500 9.83
0-750 : 10.42
0-1000 11.28 (extrapolated)

4, Corrosion

a. Fuel-jacket Materials for Sodium-cooled Reactors. Oxidation .
of samples of V-20 w/o Ti exposed to sodium containing less than 5 ppm
oxygen (as measured by vacuum distillation) at 600°C for periods of time
up to 32 hr and rotated at about 5 rpm to insure access of oxygen to the
surface was linear at 600°C for the entire period of exposure. The rate
constant K; was determined as 3 x 107> mg/cm2 hr.

V-20 w/o Ti exposed under the same conditions at 700 and
750°C (see Progress Report for January 1966, ANL-7152, p. 35) exhibited
appreciably different corrosion kinetics. At 700°C, the process was linear
(K, = 8 x 1072 mg/crn2 hr) for the first 12 hr of exposure, followed by a
transition to a parabolic rate law. At 750°C the process was parabolic for
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exposure times between 4 (the time of the first data point) and 32 hr. If a
linear process exists at 750°C, the maximum duration is 4 hr.

Exposure of samples at much higher rotational speeds will be
undertaken to determine if mass transfer of oxygen in the liquid is the
rate-controlling step in the early stages of oxidation.

b. Refractory Metal Alloys for Service Oxygen-contaminated
Sodium. Small levitation melts of V-20 w/o Cr-10 w/o Al modified with
1 w/o and 2 w/o Zr or 0.5 W/O and 1 w/o Y (see Progress Report for
January 1966, ANL-7152, p. 35) were hot rolled and returned for corrosion
testing in sodium. The additions did not appreciably improve the ease of
fabrication, but might be more important if vanadium containing more
oxygen were used in the alloy preparation. An exposure to 650°C sodium
(refreshed oxygen--static autoclave system) containing 25 to 30 ppm oxygen
for 7.0 days showed no significant corrosion effect of the addition of
1 w/o Zr or 0.5 W/O Y to the basic composition.

.

Two one-week experiments have been performed with ,
V-20 W/O Ti in flowing sodium (6.1 m/sec) at 650°C. In the first experi-
ment the post-test oxygen analysis was 20 to 28 ppm. The V-20 w/o Ti
samples were badly roughened on the surface and eroded at the leading
-edges and in a flow pattern back from the edges in contact with the stainless
steel holder. The samples lost about 100 u per side.

In the second experiment the cold-trap temperature was re=
duced to ~120°C. The post-test oxygen analysis was 15 ppm (oxygen con-
centration determined by mercury amalgamation). The V-20 w/o Ti
samples were in much better condition after this exposure. The surfaces
were smooth, but the leading edge of one sample was slightly eroded. The
samples lost only 10 to 18 i per side.

Experiments at lower oxygen levels will be attempted upon
-completion of minor repairs and modifications to the loop.

5. Irradiation Testing

a. Irradiated EBR-II Fuel Jackets. Additional tube-burst tests
of the Type 304 stainless steel jackets from irradiated EBR-II fuel rods
(sce Progress Report for January 1966, ANL-7152, pp. 36-38) have been
made. Tests at 500°C have verified that the top of the jacket tubes is the
weakest part. Tests have been made on the top sections of three different
jackets. In two cases the top weld was kept intact and the pressure.con-
nection to the tube was made elsewhere than at the top. In a third test,
the pressure.connection was made to the top end after cutting off the plug.
In both cases where the top plug was in place, the tube ruptured adjacent
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to the weld. In the third test the break was adjacent to the pressure con-
nection at the top of the jacket. The pressures required to break these
three specimens were appreciably less than in other tests made along the
lengths of the tubes.

One jacket from a fuel rod with 1.2 a/o burnup was cut into five
sections for tube burst tests at 700°C. The lowest bursting pressure

(270 kg cm™?) occurred with the top section, but this value is in doubt

because of a 70°C override on the temperature prior to testing. The maxi-
mum bursting pressure (327 kg cm™?) occurred with the middle section.
The bottom section showed a considerably lower value (282 kg cm™?)

than the peak value. The apparent drop in the burst pressure toward the
bottom of the jacket at 700°C is a variation from the pattern exhibited at
500°C. :

The specimens tcsted at 700°C also differed from the tests at
500°C in showing some tendency toward general expansion under pressure.
The elongation values at 500°C as determined from post-test measurements
of diameter were generally below 1%. After the 700°C tests similar mea-
surements showed elongations as high as 8% (14% for the overheated
specimen). The evidence seems to indicate that the irradiation effects are
annealing out in tests at 700°C.

b. Irradiation Program for Fast Reactor Fuels

(i) Metal Fuels. Sixty specimens are under irradiation (see
Table XI). The specimens being irradiated in CP-5 are from 10 to 15 cm
long and are in five instrumented capsules. The specimens in EBR-Il are
full length (46 cm) and are located in three special subassemblies. There
are no metallic fuels being irradiated in the MTR at the present time.

Six new U-15 w/o Pu-12 w/o Zr fuel pins jacketed in
iron- and nickel-base alloys were encapsulated and are undergoing ir-
radiation in CP-5. The jacket materials are either Type 304 or Type 316
stainless steel, or Hastelloy-X. The maximum jacket temperature for
these specimens is either 530 or 460°C.

The irradiation experiments in the EBR-II have the same
status as for the previous month because the reactor has not been operated
during this report period.

Capsule ANL-55-8 was removed from MTR and shipped to
the alpha-gamma cave, Building 212 at the Illinois site. This capsule con-
tains three full-length EBR-II-type fuel rods. Two of the fuel alloys are
U-15 w/o Pu-10 w/0o Fz and the other is U-10 w/o Pu-10 w/o Fz. The
jacket materials are Nb-1 w/o Zr and vanadium. The maximum jacket
temperatures during irradiation were 555°C. The calculated maximum
burnups are 3.3 a/o.



TABLE X1. Status of Metal Fuel Irradiation.sjn Progress

Calculated Burnup

Fuel Jacket Jacket Maximum to Date
Specimen Composition Composition Jacket 1D Thickness Jacket .
No. Reactor {w/o) {w/o) (mm} (mm) Temp (°C) alo ficm3 x 10-20
N-15 CP-5 U-19 Pu-14 Zr V-20Ti 45 0.38 580 5.7 18.8
ND-23 EBR-11 U-15 Pu-10 Zr V-20Ti 4.5 0.41 540 1.08 3.97
ND-24 EBR-11 U-15 Pu-10 Zr V-20 Ti 45 0.41 535 1.08 3.97
ND-28 EBR-11 U-15 Pu-9 Zr 304 SS 4.2 0.51 650 0.53 2.00
ND-41 EBR-11 - U-15Pu-9Zr 304 SS 4.2 0.51 650 0.53 2.00
ND-32 EBR-N U-15 Pu-9 Zr 316 SS 4.2 0.38 645 0.53 2.00
ND-43 EBR-11 U-15 Pu-9 Zr Hast.-X 4.2 0.38 645 0.53 2.00
L-18 CP-5 - U-15 Pu-12 Zr Hast.-X 4.2 0.38 460 0.34 1.16
F-35 CP-5 U-15 Pu-12 Zr 304 SS 4.2 0.38 460 0.34 1.16
F-37 CP-5 U-15 Pu-12 Zr 316 SS 4.2 0.38 460 0.34 1.16
L-19 CcP-5 U-15 Pu-12 Zr Hast.-X 4.2 0.38 530 0.34 1.16
F-36 CP-5 U-15Pu-12Zr - 304 SS 4.2 0.38 530 0.34 1.16
F-38 CP-5 U-15 Pu-12 Zr 316 SS 4.2 0.38 530 0.34 1.16
ND-25 EBR-11 U-14 Pu-12Zr - 304 SS 4.2 0.51 630 0.47 1.64
ND-27 EBR-1! U-14 Pu-12 Zr 304 SS 4.2 0.51 630 0.50 1.74
ND-26 EBR-11 U-14 Pu-12 Zr 316 SS 4.2 0.38 625 0.47 1.64
ND-29 EBR-11 U-14 Pu-12 Zr 316 SS 4.2 0.38 625 0.47 1.64
ND-30 EBR-!I U-14 Pu-12 Zr 316 SS 4.2 0.38 635 0.50 1.74
ND-31 EBR-11 U-14 Pu-12 Zr 316 SS 4.2 0.38 635 0.50 - 1.74
ND-33 - EBR-11 U-14 Pu-12 Zr Hast.-X 4.2 0.38 630 0.50 1.74
ND-34 EBR-11 U-14 Pu-12 Zr Hast.-X 4.2 0.38 635 0.50 1.74
ND-35 EBR-I1 U-14 Pu-12 Zr Hast.-X 4.2 0.38 640 0.50 1.74
ND-37 EBR-11 U-14 Pu-12 Zr Hast.-X-280 4.5 0.38 635 0.50 1.74
ND-39 EBR-11 U-14 Pu-12 Zr Hast.-X-280 4.5 0.38 635 0.50 1.74
ND-44 EBR-11 U-14 Pu-12 Zr Hast.~X-280 4.5 0.38 635 0.50 174
N-14 CP-5 ‘U-15Pu-10Ti V-20 Ti 4.4 0.38 560 5.0 16.8
NC-17 EBR-11 U-15 Pu-10 Ti V-20 Ti 4.5 0.41 540 1.08 3.64
NC-23 EBR-11 U-15 Pu-10 Ti V-20 Ti 4.5 0.51 540 1.09 3.68
N-10 CP-5 U-10 Pu-10 Fz V-20 Ti 4.2 0.41 530 5.2 19.9
N-11 CP-5 U-10 Pu-10 Fz V-20 Ti 4.1 0.41 530 5.2 19.9
N-12 CP-5 U-10 Pu-10 Fz V-20Ti 4.0 0.41 530 5.2 19.9
CG02 EBR-11 U-10 Pu-10 Fz Nb-1 Zr 4.0 0.23 445 0.42 1.60
CGOo3 EBR-11 U-10 Pu-10 Fz Nb-1 Zr 4.0 0.23 440 0.41 1.56
clJol EBR-11 U-10 Pu-10 Fz Nb-1 Zr 4.0 0.23 435 0.40 1.52
PBO2 EBR-11 U-10 Pu-10 Fz Nb-1 Zr 4.0 0.23 440 0.41 1.56
TC-1 CP-5 U-15 Pu-10 Fz Nb-1 Zr 4.0 0.23 500 2.4 5.3
C-152 P CP-5 U-15 Pu-10 Fz Nb-1 Zr 4.0 0.23 500 24 5.3
C-153 P CP-5 U-15 Pu-10 Fz Nb-1 Zr 4.0 0.23 500 24 5.3
C-155 P CP-5 U-15 Pu-10 Fz Nb-1Zr 4.0 0.23 510 24 5.3
C-156 P CP-5 U-15 Pu-10 Fz Nb-1 Zr 4.0 0.23 510 24 53
C-159 P nP-5 11-19 P1-10 Fz Nb-1Zr 4.0 0.23 510 2.4 5.3
N-7 CP-5 U-15 Pu-10 Fz V-20°Ti 4.2 0.41 330 5.2 19.9
N-8 CP-5 U-15 Pu-10 Fz V-20 Ti 4.1 0.41 530 5.2 19.9
N-9 CP-5 U-15 Pu-10 Fz V-20Ti 4.0 0.41 530 5.2 19.9
N-13 CP-5 U-15 Pu-10 Fz V-20Ti 4.3 0.38 550 44 16.7
CAQ1 EBR-11 U-15 Pu-10 Fz Nb-1Zr 4.0 0.23 450 0.41 1.56
CB02 EBR-11 U-15 Pu-10 Fz Nb-1 Zr 4.0 0.38 445 0.42 1.60
€803 EBR-11 "U-15 Pu-10 Fz Nb-1 Zr 4.0 0.38 440 0.41 1.56
CBO4 EBR-11 U-15 Pu-10 Fz Nb-1Zr 4.0 0.38 440 0.41 1.56
CDo1l EBR-11 U-15 Pu-10 Fz Nb-12Zr 4.0 0.23 440 0.41 1.56
Cho2 EBR-11 U-15 Pu-10 Fz Nb-1Zr 4.0 0.23 430 0.40 1.52
LAO2 EBR-11 U-15 Pu-10 Fz Hast.-X 3.9 0.25 430 0.40 1.52
PAOL EBR-11 11-15 Pu-10 Fz Nb-4,V 4.0 0.23 435 0.40 1.52
C-93 EBR-11 U-20 Pu-10 Fz Nb-1Zr 4.0 0.23 435 0.41 1.56
C-97 EBR-11 U-20 Pu-10 Fz Nb-1 Zr 4.0 0.23 430 0.40 1.52
C-98 EBR-11 U-20 Pu-10 Fz Nb-1 Zr 4.0 0.23 430 0.39 1.48
C-99 ~ EBR-11 U-20 Pu-10 Fz Nb-1 Zr 4.0 0.23 430 0.40 1.52
C-100 EBR-11 U-20 Pu-10 Fz Nb-1 Zr 4.0 0.23 430 0.40 1.52
C-101 EBR-11 U-20 Pu-10 Fz Nb-1 Zr 4.0 0.23 435 0.40 1.52
CM-01 EBR-I1 U-20 Pu-10 Fz Nb-1Zr 4.0 0.38 435 0.40 1.52

33
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(ii) Ceramic Fuel Irradiations. Irradiations of ceramics being
conducted in EBR-II are summarized in Table XII. Since EBR-II was not
operated in February, there has been no change in the status of these
experiments.

TABLE XII. Status of Ceramic Fuel Irradiations in EBR-II

Max Jacket Burnui)

Specimen Fuel Fuel Jacket Temperature
No. Material Form Material (°C) a/o riss/cc x 10%°

SMV-2 UC-20 w/o PuC Vipac 304 SS 645 1.4 3.7
HMV-5 UC-20 w/o PuC Vipac Hast.-X 670 1.4 3.7
NMV-11 (U, gPug.z)C Vipac *~ Nb-1 Zr 645 1.4 3.7
NMP-2 (U, sPuo.2)C Pellet Nb-1 Zr 545 0.33 0.86
NMV-4  UC-20 w/o PuC Vipac Nb-l Zr 635 0.47 1.2
NMV -7 UC-20 w/o PuC Vipac Nbel Zr 605 0.43 1.1
NMV-12  (Ug gPuo.,)C Vipac Nb-1 Zr 635 0.47 1.2
HMV-1 UC-20 w/o PuC Vipac Hast,-X  h40 0.42 1.1
HMV-4 UC-20 w/o PuC Vipac Hast.-X 670 0.46 1.2
HWMP-1 (U, sPug,2)C Pellet Hast.-X! 555 0.32 0.84
HWMV-1 (Ug.gPug.2)C Vipac Hast.-X! 685 0.47 1.2

'Has 0.005-in. layer of vapor-deposited tungsten on the ID.

D. General Fast Reactor Fuel Reprocessing Development

1. Skull Reclamation Process

After fuel pins discharged from the EBR-II reactor have been melt
relined, a uranium-bearing residue or skull is left in the crucible. The
uranium in the skull amounts to 5 to 10% of the nriginal uranium charge.

A skull reclamation process is being developed for the recovery and
puritication of the uranium from the skull. The chemistry and technology
that are being accumulated have considerable potential utility for processing
plutonium-uranium oxide and carbide fuels. Currently, the skull reclama-
tion process is being tested in remotely operated plant-scale equipment

(~4 kg of uranium per batch) comprising a reduction furnace and a retorting
furnace.

The finalAstep in the skull reclamation process consists of retorting,
or solvent evaporation, to recover the product uranium from the Zn-
12 'w/o Mg-12 w//o U ingot cast from the product solution that is transferred
out of the reduction furnace. Three plant-scale retorting runs (PSR-10,
-11, and -12) have been completed with unirtradiated Zn-Mg-U ingots from
reduction furnace runs SRR-13 and SRR-14 (see Progress Report for
December 1965, AWNL-7132, pp. 23-24), and run SKR-29 from the previous
pilot-scale reduction furnace operations. The runs were conducted in the
same thixotropically cast beryllia crucible that had been used in seven
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previous retorting runs (see Progress Report for January 1966, ANL-7152,
p. 43). The retorting procedure was the same as in previous runs: distil-
lation from the uranium product solution of the magnesium-zinc under
vacuum (~10 Torr) at 650 to 750°C, followed by melting of the uranium at
~1200°C to form a button.

In the current runs, the Zn-Mg-U ingots:were cleaned before being
charged to the crucible in order to remove the residual flux that accom-
panies the Zn-Mg-U solution during its transfer from the reduction furnace.
It was previously shown that failure to remove flux from an ingot before
retorting results in a uranium product containing a large quantity of oxide
(see ANL-7152, p. 43).. Retorting of these ingots resulted in a clean uranium
product. ‘

Since the ingots cannot be washed in actual plant operation, separa-
tion of residual flux from Zn-Mg-U product solution during transfer from
the reduction furnace was investigated. In small-scale experiments, salt
flux was successfully removed from molten Zn-Mg alloy-when the material
was poured through Fiberfrax strainers at temperatures ranging from 600
to 775°C. The Fiberfrax was preferentially wetted by the flux while the
clean metal passed through the strainer. On the basis of these tests, a
full~-scale strainer has been built for tests with the plant-scale reduction
furnace.

The. uranium product buttons® obtained in the retorting of Zn-Mg-U
product solutions from four skull oxide-reduction runs (SRR-11 through
-14) have been analyzed (by X-ray fluorescence technique) for fission
product elements. Analytical results indicate that the overall removal of
molybdenum was 60 to 70% and that of ruthenium was 80%. These fission
product removals are quite satisfactéory. (These values will be checked
by wet chemical analyses.) ' '

Operation of the retorting equipment in the three current runs was
very satisfactory. Improved control of retorting temperature and pressure
eliminated the "bumping" that had occurred in earlier runs. Retention of
Zn-Mg alloy by the retorting apparatus was excellent; only negligible
amounts of Zn-Mg alloy escaped from the apparatus. At the conclusion
of each run, the uranium product button was réadily dumped from the
beryllia crucible.

2. P__Ijg_cesses for Future Fast Reactor Fuels

Compact pyrochemical processes are being developed for processing
fast breeder reactor fuels of the ceramic (e.g., oxide or carbide) or metallic
types. In current work, the principal emphasis is on salt transport pro- .
cesses. The process and its advantages‘w'ére discussed in a’ prévious report

3The buttons were remelted and then cast to provide samples for analyses.
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(see ANL-7152, pp. 43-44). In salt transport processes, the fissile and
fertile constituents of a reactor fuel are selectively transferred from one
liquid metal solvent to another by cycling a molten salt phase, which acts
as a carrier, between the two metal solvents. '

To date, most of the experimental work has been carried out with
liquid copper-magnesium and zinc-magnesium alloys in mutual contact
with molten MgCl, at 800°C (see ANL-7152, pp. 43-44). The copper-
magnesium alloys offer the advantages of good single-stage separation of
rare earths from plutoniuin, good transfer rates of uranium and plutonium,
and internal control of the magnesium concentration in the Cu-Mg alloys
through the dissolution of excess solid copper in the system as magnesium
is transferred into a Cu-Mg alloy.

Another alloy that is being considered in place of the copper-
magnesium alloys for the salt transport process is cadmium-zinc-
magnesium, which offers the possibility of lowering the operating tempera-
ture to ~600°C. Molten 50 m/o MgCl,-30 m/o NaCl-20 m/o KCl (see
ANL-7152, p. 44) is being considered as the salt phase. The specific com-
position of interest for the alloy was at low magnesium concentration and
at a cadmium-to-zinc ratio of 9 to 1 that provided maximum uranium
solubility in the alloy. In recent work, distribution coefficient data were
determined for uranium between 50 m/o MgCl,-30 m/o NaCl-20 m/o KCl
and Cd-Zn-Mg. These distribution data together with solubility data for
uranium in the metal phase are presented in Table XIII. These data

TABLE XIII. Distribution of Uranium between
50 m/o MgCl,-30 m/o NaCl-20 m/o KCl and Cd-Zn-Mg Alloy

Cadmium to zinc ratio: 9 to 1.
Alloy saturated with uranium except as noted. |

Distribution
. Metal Ph

Sample Temp cta’ Thase Salt Phase Coefficient

No. °c) Mg (w/o) U (w/o) U (w/o) (Kq)?

1 600 0.28 2.64P 3.41 1.29

2 598 0.23 - 2.80P 472 1.69

3 " 650 0.36 5.91 9.50 1.60

4 530 0.25 4.61 5.4 1.17

5 448¢ 0.16 1.76 1.39. 0.791

6 500 0.23 4.03 5.1 1.26

aK . w/o U in salt

d ~ w/o U in metal

bAlloy not saturated with uranium.

€The solid phase in equilibrium with the molten alloy is UCd,;; instead of
metallic uranium, -
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indicate that rapid uranium transfer is possible. However, since the equi-
librium uranium concentration in the molten salt is sensitive to small
changes of magnesium concentration in the alloy, the magnesium concen-
tration in this alloy must be maintained at a low level (K1 w/o). This might
be accomplished by fractional distillation of a side-stream of the Cd-Zn-
Mg alloy. With this system, a multistage separation would be required for
an adequate removal of rare earth fission products from plutonium.

3. Materials Evaluation

A supporting program to find inexpensive, easily fabricated con-
tainment materials for pyrochemical process solutions is under way. Test-
ing of a cast iron crucible was continued in order to investigate the use
of cast iron as a container material for a system consisting of Cu-

10 w/o Mg-2 w/o U alloy and 50 m/o MgCl,-30 m/o NaC1-20 m/o KCl
salt (see ANL-7152, p. 44). After the crucible was exposed for an addi-
tional 200 hr (total time, 370 hr) at 800°C to the copper-magnesium-
uranium alloy/salt system, no evidence of corrosion or deterioration of
the crucible was observed. Metallographic examination of sections of the
‘crucible is in progress. The stability of the uranium solution in this test
is also being determined; results of analyses are not yet available.

E. Sodium Technology

1. Components Surveillance Loop

a. Modified Falex Wear Tester. Additional tests were performed
with the wear tester now on hand to evaluate its high-temperature per-
formance. A carbon steel shaft was mounted between blocks of 304 stain-
less steel and the unit was operated in an atmosphere of inert gas at
1200°F.

In the first test, the unit was loaded to 1000 psi. At a velocity
of 94.1 in./rnin, the shaft moved only 2.35 in. before severe galling termmi-
nated the test.

In a second test with the same materials and a loading of
275 psi, the shaft moved a distance of 260.1 in. at a velocity of 23.5 in./min
before terminating because of galling.

The results of these tests show that the materials exposed to
the test are much too plastic at 1200°F to offer good possibilities in bearing
construction. The galling failure, even under relatively light loads, shows
that the pressure tends to force the welding of the materials at the contact
points. Future tests will be aimed at harder and more durable materials
at the 1200°F temperature. ., '
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2. Dynamic Components Test Loop (DYCOTL)

This loop is nearing completion. A brief resume of its current
status follows:

i. All piping welds have been completed.
ii. The loop has been leak tested.
iii. Lagging on the loop is complete and the lagging on the spool
piece is almost complete.
iv. All but two pipe hangers have been installed.
v. Some X-ray work remains to be completed.

The 15-hp motor for the sodium-to-air heat exchanger has been
operated on emergency and regular power. The speed-control-indicating
circuit has been installed and checked for dependability. A speed-indicator
readout panel is installed on the main panel for loop control.

The elevator to the deep pit is now interconnected to the new 7.5-kWe
gas-electric generator. In case of a major failure of building power, the
deep-pit elevator will operate, automatically, on emergency power.

A separate deep-pit fresh-air blower is also interconnected with
the emergency power supply. In the event of a major sodium fire and power
failure, fresh air may be supplied to the pit by use of a button located on
the front of the control panel.

3. Small Static Soak Pots

a. Materials Compatibility Test. At 400°F tests were run for
16 and 48 hr with a lifting technique applied through a strain gauge for
each of five loaded 304 stainless steel metal pairs. No indication of
sticking at 400°F was found.

The test was repeated at 600°F for 144, 171, and 216 hr. Again
no indication of sticking was found.

Tests are being conducted at 1000°F and then will be made at
g
1200°F.

4. Evaluation of Aeroquip Brazed Fitting

Six l/Z-in. Nicrobrazed joints were received from a vendor. These
fittings are of the type used to make remote connections in aircraft tubing
except that the joints under study were made of 304 stainless steel and
Nicrobraz, which is a high-temperature alloy. The condition of one of the .
fittings, as received, is shown in Fig. 19. :
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Two of the fittings
were converted into capsules
by welding end caps into the
ends of the 10-in. long sec-
tions. Prior to closure,
sodium was introduced into
the capsule in a quantity suf-
ficient to result in an internal
pressure of 44.1 psia at
1200°F. Subsequently, the
two capsules were placed in
a furnace and raised to 1200°F.
The atmosphere in the furnace
was air so that the external
surfaces of the capsules were
exposed to atmospheric
oxygen. Both capsules were
exposed to these conditions
for 1380 hr. During this
time, the capsules did not
release the contents despite
appreciable oxidation of the
external surfaces. Figure 20
shows the capsule after the
exposure in the furnace.

One capsule was sec-
Fig. 19. Brazed Conoseal Fitting before Exposure tioned and the sodium reacted
from the interior. Subse-
quently, macro and micro photographs were made of the joint. The exami-
nation revealed that the interior surface of the capsule was in excellent
condition. Furthermore, the brazed joint was not compromised in any way.
No evidence of corrosion was visible; consequently, it was apparent that
the capsules could have performed as well for a significantly longer period
of time.

A second pair of capsules is now under exposure with a vacuum as
the environment immediately surrounding the external surfaces.

The performance of these capsules and the feature permitting re-
mote assembly suggests a number of possible uses for this type of fitting,
for example, fuel-element closures, connections in a sodium loop, in-
strumentation connections, and other attachments in reactor components
or experimental systems. The relative simplicity of the filling could also
reduce costs and manipulations necessary in remote operations.
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5. Evaluation of Type 304
Stainless Steel Tubing

Nine sample tubes of
Type 304 stainless steel have
been fabricated for 1200°F rup-
ture and tensile tests. These
samples (0.493 in. in OD and of
0.014-in. wall) are prepared for
ultimate tensile strength, yield
strength, percent elongation, and
burst strength in 1200°F sodium.

Small segments of these
samples will be examined for
hardness, sensitization, grain
structure, and chemically
analyzed for carbon. The
sodium used for immersion of
these samples will be new, clean
sodium of known composition.

In general, the sensiti-
zation of the tubing using "clean"
sodium for soaking periods of
3, 6, and 9 days is to be measured
or determined.

Fig. 20. Brazed Conoseal Fitting after 1380-hr
Exposure at 1200°F

These data will be com-
pared to the rather severe
sensitization of 304 stainless steel previously reported (see Progress
Report for January 1966, ANL-7152, pp. 48-49). It should be remembered
that the earlier observed sensitization of 304 stainless steel tubing was
developed from tubing exposed to 1200°F sodium in the small high-
temperature loop, which has carbon in the sodium to the extent of about
70 ppm.

Three samples of Type 304 stainless steel tubing are being analyzed
for carbon, namely,

a) as received from vendor;
b) a sodium soaked at 1200°F;
c) a different heat as received from the vendor.

The latter tubing was the material used in fabricating the nine
samples discussed above. It will be desirable to know the carbon content
of the as-received tubular products before soaking in sodium to determine



41

if a measured, variable carbon content-of "as received" tubing can be cor-
related with observed and measured sensitization of 304 stainless steel
after exposure to sodium. '

A Filar eyepiece for the Kentron Micro-Hardness Tester has been
purchased and used for traverse cross sectional measurements on "as
received" EBR-II blanket element tubing. Data on-one sample of one heat
of "as received" tubing indicates a rather uniform hardness, wall to:wall,
at four locations across the wall (Rockwell B scale readings of 85, 87,.
90, and 87).. The Rockwell B readings are converted Knoop hardness
numbers, actually measured, of 165, 173, 186, and 165, obtained with a -
500-gm load and a Knoop indenter. :

_ Microhardness measurements of the wall thickness of 1200°F
sodium-soaked, 1200°F air-heated, and 1200°F argon-heated samples are .

in progress.

6. Loop Evaluation after Long-time, High-temperature Exposure to Sodium

An evaluation of the performance of Type 304 stainless steel welded
pipe which had been exposed to hot sodium at ANL was received from the
U. S. Steel Corporation. The pipe was a portion of a loop that was exposed
to flowing sodium on the inside at 1200°F for 2069 hr, at 1472°F for 4695 hr,
and between 572 and 1200°F for 1000 hr. The outside of the pipe was
covered with insulation and thus exposed to air. In the comparison of the
material properties between the unexposed and exposed pipe sections, the
report shows:

a. a minor reduction in the room-temperature ultlmate tensile
strength (from 86.8 to 83.5 kpsi);

b. a significant reduction in the room- temperature yield strength
(from 45.7 to 35.2 kpsi);

c. a minor reduction in room-temperature ductility (elongation
dropped from 64 to 58%); "

d. significant microstructural change in the weld metal (partlal
transformation of delta ferrite to sigma);

e. precipitation of carbides around the grain boundaries;

f. chemical environmental reactions [both the inside and the
outside surfaces were nitrided to a depth of about 0.001 in. .
The nitride phase was substantially harder than the matrix,
Brinell 255 versus 180. The more heavily nitrided inner case
(0.24%) initiated cracking of the wall in bend tests]. -

The chemical analysis shows that the material was probably a low-
carbon, austenitic stainless steel whose inner and outer surfaces were
carburized 0.063 to 0.082% C during the manufacture of the pipe. Nickel
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and chromium contents were-10.3 and 18.3%, res‘pectivlely; in composition,
the 304 SS material just meets the lower limits of low-work-hardening. AISI
Type 305 stainless steel. Grain growth during the exposure period was
nominal, an increase from grain size 8 to 7. Evidence of austenitic metal-
lurgical instability, other than precipitation of carbides, was lacking.

The results of the U. S. Steel Company examination of the ANL pipe
in part support the selection of the nickel-rich (11.5/12/5% Ni) AISI Type °
305 SS for.the 1200°F FARET pressure vessel. The conversion of delta
ferrite to sigma phase with long-time exposure at high temperature as
noted in the report was anticipated; therefore, proposed FARET welding .
requirements limited the ferrite content of the weld metal. The nitriding
of the 304 SS exterior was expected, but the 0.001-in. nitriding of the pipe
interior wall was not anticipated, although it was known thal dir had inixed
with the argon atmosphere during sample withdrawal.

In addition to the acquisition of the above metallurgical data, from
July of 1964 to February 1966, an analysis of impurities which might be in
the sodium in the 304 SS forced-circulation loop has been conducted. The
values of the principal metallic impurities measured by spectrochemical
analysis are as follows for several different analyses made over a period
of time: ' ‘

Spectroéhemical Analysis

(values in ppm)

Al Cu Fe Ni Cr _V

a. Impurity range: in new, clean sodium 8 2. 2 2 - 4

b. Sodium sample at ~8000 hr before 24 1500
removal of pipe for U. S. Steel 40 750 .15 8 - 2000
analysis

c. Sodium sample from drain tank 2 . 3 40 - - -

d. Sodium sample from loop after drain 3 4 .40 - - -
and refill #1

e. Sodium sample from loop after drain .25 100 .16 4(?) - 1300

and refill #2

Analysis of item d was obtained before a stressed vanadium ex-
posure run was made. Analysis of item e was obtained after a stressed
vanadium sample exposure run was made. '

The carbon content of the so,dium'was measured after removal of the
U.'S. Steel Company specimen sample of pipe. A value of 77 ppm of carbon
was-found.
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The oxygen content of the system was measured only after the 2-in.
pipe specimen was removed at the end of 7764 hr .of service in hot sodium.
A standard ANL plugging meter was used to measure the oxide content. The

plugging temperature of this system operating at 600°C was approximately
530°C. .

The unusually high plugging temperature of 530°C corresponds to the
highest measured quantity of sodium oxide in sodium as presented by the
Mine Safety Appliance Company's solubility curve in the July 1955 Liquid
Metals Handbook, p. 8. A plugging temperature of 530°C corresponds to
0.22 w/o oxygen or about 2200 ppm. The adverse oxide condition can be ex-
plained by the fact that at no time has a sodium oxide-removal system been
incorporated into the loop. Only recently has a dump tank been used to study
the effect of system "drain and refill."

From the work describéd above, these general conclusions may be
drawn:

a. The lack of cold-trap and hot-trap devices on the engineering
loop would not be duplicated in a fast reactor, and therefore both
the metallurgicél condition of the pipe and the chemical quality
of the sodium should be more adverse for the engineering
system than for a commercial fast reactor system.

b. The metallurgical data and the analysis of the impurities in the
sodium are in general agreement, i.e., both the results of the
U. S. Steel Company metallurgical analysis and the lack of
large increases in Fe, Ni, and Cr in the sodium, support each
other.

7. Separation of Particulate’Carbon by Centrifugation

Previous experiments (see Progress Report for February 1965,
ANL-7017, p. 70) on separation of particulate carbon from liquid sodium
at 200°C by centrifugation (2000 rpm, 300 to 625 g) indicated that the
particles, if present, were in the submicron range. Recent experiments
have shown that much larger centrifugal forces are effective in sedimenting
such particles.

For these experiments, a 56 w/o Na-44 w/o K alloy, which is liquid
at room temperature (m.p. 19°C), was substituted for sodium because the
high-speed centrifuges available could not operate above the melting point
(98°C) of sodium. The alloy was sealed in stainless steel centrifuge tubes
in a helium-atmosphere glovebox and (1) centrifuged at 17,000 rpm
(~35,000 g) for 40 min, then slowed to a stop over the next 20 min; or
(2) centrifuged at 40,000 rpm (~150,000 g) for:33 hr, of which the final
l% hr was at 0°C in order to freeze the alloy while spinning. In both cases,
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the centrifuge tubes were tilted to the rotor axis (34 and 20°, respectively).
After centrifugation, the tubes were cooled in liquid nitrogen and opened
within the glovebox for sampling. Samples could not be taken from specific
locations in the solid alloy because of its extreme brittleness. Thus, the
alloy was allowed to liquefy and samples were withdrawn by pipette from
the top of the liquid. The results of.the carbon analyses are given below:

Carbon(ppm)
Before centrifugation 76, 53, 36, 43
After centrifugation
at 17,000 rpm 22, 33

at 40,000 rpm 23, 34

Statistical analysis of these data indicates that at the 95% confidence
level there is a difference in carbon contents of the original and centrifuged
alloys. The separations obtained may not represent the maximum achievable:
redistribution of carbon particles by convection and vibration could have
occurred during the melting and sampling steps. Further experiments with
liquid Na-K alloys will be carried out to determine if sufficient information
on particle size can be obtained to warrant extension of this work to liquid
sodium. '



II. GENERAL REACTOR TECHNOLOGY

A. Experimental Reactor and Nuclear Physics

1. Multiplication Process in Proportional Counter

The multiplication process of 47-recoil proportional counters has
been investigated in the region of high gain by examination of the single-
electron response distribution (see Progress Report for January 1966,

, ANL-7152, pp. 50-51). The experi-
ULTRAVIOLET SOURCE .
mental arrangement (see Fig. 21) is
METAL cHassis  similar to that employed by Curran,
Cockroft, and Angus.* With such an
arrangement, the response of the

GERMICIDAL LAMP . .
proportional counter to single elec-

ULTRAVIOLET trons can be determined. Ultraviolet
VARIABLE
RADIATION \:: EXIT APERTURE quanta enter the counter through the
[ quartz window, traverse the active
QUARTZ ENTRANCE il WINDOW volume of the counter gas, and create
WINDOW II| ASSEMBLY . .
i, photoelectrons on the opposite side

|
KOVAR SEAL i counter wall. Once created, a photo-

HYPODERMIC CERAMIC SEAL electron will drift toward the center
— (anode) wire of the counter, initiating
2.tin diam. 4 461 in, an electron avalanche which is sub-
T “WIRE ——_TF sequently detected. Measurement of
the response distribution which arises

from these single-electron events
permits a study of the statistics of
Fig. 21. Experimental Arrangement of Proportional the multiplication process.

Counter, Window Assembly, and Ultra-

violet Source for the Measurement of Some single electron spectra

Single-electron Response Distributions obtained in this region are displayed

PROPORTIONAL COUNTER

in Fig. 22. These figures present
the measured distribution P(V) in normalized form:

vV = n/ﬁ,

where n and n are the final number and average final number of electrons
in the avalanche, respectively. It is evident that the single-electron response
distribution is not constant, but changes with anode voltage. Consequently,
one can conclude that the electron branching process in proportional count-
ers is not invariant with respect to the average final number of electrons

in the avalanche.

“Curran, S. C., Cockroft, A. L., and Angus, J., Phil Mag. 10, 929 (1949).

45
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St I IR L NN IR L LN I B B B. Theoretical Reactor Physics

1. Reactor Computations

In computing average cross
sections in the unresolved resonance
region, averages must be taken over
statistical distributions of neutron
and fission widths. In the case of
fission, for example, the average
cross section at an energy E* may
be written as

P(¥)

B I

/ Pnlx) P ly) yTJ(€, B) dxdy
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o2 b s ] degrees of freedom.
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integrals is most widely accomplished
by the method of Greebler and Ilutch-
Fig. 22. Single-electronSpectraObtained at Differ- ins,® in which the distribution func-
ent Anode Voltages in a One-atmosphere
Metliane-[lilled Proportional Couunter

tions are approximated by trapezoids
nf equal area. This method hae unde-
sirable features in that the area of
each trapezoid must be computed by iteration, and a fairly large number of
points must be used to achieve adequate accuracy. About ten trapezoids

are needed to obtain 1% accuracy for a distribution with one degree of
freedom.

An alternative method is the use of a Gauss-Laguerre quadrature
formula. The exponential term in the Porter-Thomas distribution is ex-
tracted and used as the weighting function in the Gauss-Laguerre formula.
The use of a formula of this type yields 1% accuracy with only five points.
This results in a savings of computation time by a factor of two.

2. Effective Potential Scattering Cross Section for Use in the Single-level
Breit-Wigner Formula

The total cross section for a given isotope may be computed from
the single-level formula

3Greebler, P., and Hutchins, B, A., Proc. Seminar on Physics of Fast and Intermediate Reactors, Vienna (1961).
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x = 2(E- E,)/T.

The potential scattering cross section ¢, which appears in this expression
is frequently taken to be the average value of the total cross section at low
energies distant from any resonances. If an attempt is made to reconstruct
the curve of measured total cross section using this value for o, along
with measured resonance parameters, agreement with the measured total
cross section is poor at energies which are not close to resonance peaks.
This occurs because the interference contribution to the total cross section
can be fairly large in relation to the magnitude of G, when this expression
for the total cross-section is used at energies which are distant from res-
onance peaks. ‘

For example, a potential scattering cross section of about 13 b is
needed to give good agreement with the measured total cross section of
U%% at low energies. This calculation was made with the use of the reso-
nance parameters measured by Garg.6 This high value for 0, is needed
to compensate for the interference term in the expression for the total
cross section which is large and negative at energies below a resonance
peak. At fairly high energies, the use of 0p = 13 b leads to calculated
values which are slightly high in relation to the measured total, and the
use of Op = 10D (the apparent average value of O in BNL-325 at low
energies) leads to calculated values which are slightly low.

A similar behavior is noted for sodium. Here the total cross sec-
tion at low energies is influenced by the 2.8-keV resonance. A 0p of about
5 b is needed to calculate the measured total of about 3.2 b at low energies.
In the case of sodium, it has been found’ that the agreement with experi-
ment may be improved over a wide energy range by using spin-dependent
potential scattering cross sections.

3. Cross-section Evaluations

The programs LEGENDRE, PALYWQPLY, PSCAR, and COAGHGHD,
used in the study of angular distributions of scattering, have been consol-
idated into one program, SAD. The subroutine used for the transformation
of Legendre expansion coefficients from the laboratory to the center-of-
mass system of coordinates has been replaced by a more accurate subrou-
tine obtained from the Atomics International code, CHAD.® Also, the CHAD
code, written originally in Fortran-IV, has been transformed to 3600 For-
tran, and test problems have been run successfully. '

6Garg, I. B., et al., Phys. Rev. 134, 985 (1964).
r[Stephenson, T. E., BNL-961 (T=-401) (1965). ~
8Berland, R. F., CHAD, Code to Handle Angular Data, NAA-SR-Memo 11231.
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4. ZPR-7 Physics Analysis

Calculations of bucklings (B?) and various microparameters were
carried out for the final two Hi-C lattices studied in the ZPR-7 critical
assembly. These lattices had a pitch of 1.349 cm in a square array with
either aluminum or stainless steel (SS) clad. The atom ratio (of hydrogen
to uranium-238) of about 4.15 makes these lattices the least undermoder-
ated lattices studied with Hi-C fuel. GAM-I constants for three fast groups
and THERM¢S constants for the thermal group were calculated. The com-
puted B2 for the aluminum-clad assembly was 9.303 x 1072 cm ™2 for the
case in which the B-1 approximation was used in GAM-I, and 8.994 x
1072 cm™? for the P-1 approximation case. The experimental value was
9.182 x 107 cm™2%, Not enough fuel was available to make the SS-clad lattice
critical without an external driver zone, so no experimental B? is available
for comparison with calculations.

5. Treatment of Source Discontinuities

The effect of discontinuities in the external source in numerical
solution of the diffusion equation has been analysed for the case of 1-group
l-dimensional slab geometry.

[D(x) ¢"(x)]' - 6(x) ¢(x) + S(x) = D¢" + D'¢' - gp+ S = O. (1)

Here, o(x) includes both absorption and fission contributions, and may be
either positive or negative. This example illustrates some essential pro-
gram difficulties which will be encountered in solving more complicated
problems.

The treatment avoids, to begin with, such simplifying assumptions
as constancy of diffusion coefficient, cross section, and external source,
and will thus apply as well to more realistic models than those in current
use. It leads to the fundamental consistency condition which must be sat-
isfied at every point x4 '

VS + uDYP" + ud"yD + udryD' - uoyd - pdyoc = 0, | (2)

- where g is the mean value of the quantity F on opposite sides of x,, and

Y g is the jump in F at x¢; i.e.,

and
= limit4{ F +e)-F -€)¢t-
vp = limi (x+€) - Flxg )}
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In the neutron-diffusion interpretation of Eq. (1), S is the external
source, ¢ the flux, D¢' the current, 0¢ the net loss rate from the group,
including the effects of capture and fission, and D the diffusion coefficient.
The last two are ordinarily determined almost entirely by the composition
and their values, and the jumps at the boundaries are fixed by considerations
other than the external source. Under these conventions, discontinuity in
the source reflects itself in discontinuities in the flux or its derivatives.
Neutron-conservation arguments ordinarily are used to require continuity
of flux and current. Under these assumptions the only possible function in
which an arbitrary discontinuity can occur to compensate the arbitrary jump
in the source is the second derivative of the flux, ¢". With the assumptions
of continuity of flux and current, the discontinuity in the second derivative
is given by

Y¢" = "YS/D (3)

in regions where the cross sections and diffusion coefficient are continuous,
and

Y‘Z’” = (—’YS+ (Z)'YO - “¢"VD)/MD (4)
at boundaries between such regions.

The implications of this analysis for finite difference, or, indeed
for any numerical method of integrating Eq. (1), are clear. Since all numer-
ical integration schemes for second-order differential equations assume the
boundedness of at least the third derivative, it is no safer to ignore discon-
tinuities in the external source than it would be to ignore discontinuities in
the material. At any point of discontinuity, the integration should be stopped
and restarted with new boundary conditions. Under the assumptions of con-
tinuity of flux and current, these new boundary conditions can be obtained
from use of Eq. (3) or (4).

The method of carrying out this change of boundary conditions is
entirely analogous to that used for changes of materials, for which the con-
dition of Eq. (4) must be satisfied even if Vg = 0. There is thus no need to
discuss the technique in detail other than to remark that the program must
provide for discontinuities in source across the region boundaries, as well
as for discontinuities in diffusion constant and cross sections, and that the
user must provide region boundaries at every point where he wishes a dis-
continuity in the external source.

6. Hybrid Computer Techniques

A hybrid computer has been created by linking components of a
PACE electronic analog to components of a PDP7 digital computer. This
hybrid is considered to be analog-computer oriented because of the nature
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of the problems which are being solved. It could as easily be digital-
computer oriented if the major portion of the computing effort were vested
in digital components.

The types of problems being solved involve coupled nonlinear partial
differential equations. The analog components of the hybrid solve partial
differential equations as a function of discrete space and continuous time.
The digital components function as memory, as function generators, and as
computers of analog subroutines. :

This hybrid is currently limited by physical equipment. The largest
problem which has been succesfully solved is a set of coupled equations con-
sisting of the equations of two-dimensional heat flow (radial and axial), re-
activity feedback (Doppler, expansion, and voids), and the six-group, space-
independent, neutron kinetics equations.

The two-dimensional representation of this problem results in a set
of forward-coupled (along the axis since axial heat conduction is insignifi-
cant) nonlinear partial differential equations. Similar differential equations
in this set are solved sequentially by programming only one of them on
analog components and using the memory of the digital computer to provide
the initial conditions for each succeeding ec‘luation. To do this, an iterative
procedure is necessary whenever there is feedback in the closed loop. This
is made possible by use of the digital component for temporary storage and

transfer.

This iterative procedure has converged very rapidly in problems
considered to date. This convergence is predicted by consideration of the
principle of contraction mapping. Large conservation of analog components
through employment of this multiplexing process is thus made possible
only by hybridizing the computations.

The problems which h:étve been programmed for the hybrid and
studied to date are:

1. The significance of variable thermal conductivity and its gra-
dient in nuclear fuels

2. The effect of internal radiative heat transfer in ceramic fuels
upon the transient behavior of fast reactors

3. Power excursions in fast cores with strong Doppler feedback

4. The frequency response of ceramic fuels to periodic power
fluctuations

5. The effect of coolant flow upon fuel temperature

6. The convergence rate of closed sets of nonlinear partial dif-

ferential equations.



7. The ARC System

The interface specifications among various computational modules
have been revised and updated to accommodate the changes in the system
organization and to add to convenience. Based on these interface specifi-
cations, the programming of various neutronics and related modules are
underway. A

In addition, progress is being made in the following aspects:

(1) System Operation--Several possibilities of system operation
are being studied. This study will eventually develop a system that meets
all the peculiar requirements of ARC. ‘

(2) DATAPOOL--The study of the organization and functioning of
DATAPOOL goes in parallel with that of the system operation, as the orga-
nization of the DATAPOOL must be made such that the system operation is
not only feasible, but also efficient. The results of the preliminary study
of the system operation have already lead to some basic changes in the
order and number of hierarchy levels in the DATAPOOL.

(3) Control Input—-Vérious possible modes of inputting the infor-
* mation for use with some "standard" types of computations are being
studied. : '

(4) Burnup Module--Preliminary specifications regarding the
general capabilities of the Burnup Module (and associated modules) for the’
ARC System is under study. ‘

Conventionally, determining the equilibrium initial atomic concen-
tration vector n for a given fuel-management policy involved an iteration

procedure. The following analytical procedure is under investigation for the

possible use in the new burnup module which is being developed for use in
the ARC System.

IL.et n be a KM-dimensional vector for the initial atomic concentra-
tion of the form

n = col.{nj, nz, ..., nll\/l’ e, nE\, n§<, ey nﬁ}, (1)

where superscripts refer to regions, the subscripts to nuclides, K is the
number of regions, and M the number of nuclides. After one irradiation
step for a given burnup time, thus for a fixed burnup matrix B, the nuclide
concentration will be

p=Bna . (2)
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Define the following matrices:

D = a diagonal matrix such that D p gives the amount of nuclides
removed from reactor for transfer to other regions, for
reprocessing, etc.. :

- C — a diagonal matrix such that C D p gives the amount of nuclides
to be "sold" out.

G — a diagonal matrix such that G D p gives the amount of nuclides
to be reprocessed.

A - "transfer matrix;" such that A(I-C-G)D p gives the direct trans-
fer into various regions.

R ~ "recovery matrix," such that R EQ p gives the amount of re-
processed nuclides that is recovered.. R takes into account the
radioactive decay of nuclides as well as the factor associated
with the reprocessing efficiency.

of recovered nuclides into various regions.

In addition, define a K-dimensional vector q, called the "makeup vector,"
such that the element qk of q is the total number of nuclides to be added to
the kth region before each irradiation step in order to satisfy the conser-
‘vation relation.of all nuclides in each region. Further, the "feed matrix" F
is defined such that F q is a KM-dimensional vector, whose element h¥n
denotes the amount of nuclide m to be added in region k.

"When all operations are completed, the nuclide concentration for the
next irradiation step is given by generalizing to ith step:

nifl = Xnl+Fgl, | | )

where

X = (I-D)B+ A(I-C-G)D B+ ER G D B. " (4)

Notice that the vector Ei, for all i, must satisfy the conservation relation

ltn

=g | (5)

k

where S is a (KXKM)-matrix such that the element ¢ of ¢ 'is given by

M ‘ ;
ck = Z nk .- - o (6)
m=1
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From Eqgs. (3) and (5), - - - .o .
Snl=c=85Xnl+SFdl o
from yvhich
By use of Eq. (8) in Eq. (3),
it = ééi +"£(§ ) [é sxall | | (9)
which describes the behavior of the vecto:r n as thle;s.equénce of fixed
irradiation-fuel management steps proceed, i.e., the information rggarding

the approach to equilibrium.

’Now, suppose that above process reached an equilibrium. Then,
from Eq. (3), :

neq = _}SEeq_*.'Egéq,‘ L ” T : (10)
N : T : .

G-xpea-reco
Combination of Eqgs. (11) aﬁd (5) yields | | |

1-X)! -F||nea

1-%) | 0 6
—_— o)== = =) » ‘ (12)
s 1 of|gee] e | ’
Therefore,
-1
t-x1-E["|0 |
g9 = |———o— == |-=| (13)
s 1 9f |e -‘
if the inverse exists and where
n€d A
7eq =[——-|, (14)
qed .. . . : )

which gives the equilibrium initial atomic concentration and the makeup
directly without iteration. ' ' ’



C. High-temperature Materials Studies

1. Ceramics

a. (Th-U-Pu) Phosphides. Studies have continued on the high-
temperature compatibility of UP with the following refractory metals: Ti,
Zr, Nb, Ta, Mo, and W (see Progress Report for January 1966, ANL-7152,
pp. 56-57). Samples containing equivalent mole percentages of UP and these
metals were heated in the melting point furnace to obtain liquidus tempera-
tures for these compositions. The results are given below:

Liquidus Liquidus
C.nmposition Temperature (°C) Composition Temperature (°C)
UP-Zr’ 2055 UP-Mo 2395
UP-Ti 2110 UP-Ta 2405
UP-Nb 2380 UP-W 2574

The liquidus temperatures represent complete melting of the compositions
and are considerably higher than those at which liquid first appeared. Nev-
ertheless, these results parallel the compatibility observations previously
reported. UP reacted extensively with Zr and Ti at 1800°C, at which
temperature the pellets melted. Samples containing Nb and Mo exhibited
considerable melting and vaporization at 2000°C. The composition UP-Ta
was relatively stable up to 2200°C, but melted at this tempcrature. UP and
tungsten showed no reaction at 2200°C. Interestingly, the above results
generally follow the order of melting points of the pure metals.

Studies of the systemm UP-UN have continued. Melting experi-
ments conducted in helium and nitrogen showed that the liquidus tempera-
tures were affected by the atmosphere used. Use of pressurized nitrogen
was necessary for the UN-rich side of the system to suppress formation
of uranium, which depressed the melting temperature. However, composi-
tions at the UP end of the system were shifted toward higher UN contents
through reaction with the nitrogen atmospherc, and melted at lower tem-
peratures than in helium. Use of mixed gases in the same proportions as
the P/N ratios of the samples did not solve the problem, since the helium
was inert whereas the nitrogen was quite reactive in the temperature range
used (2200 to 2850°C). Use of sealed tungsten containers might conceivably
solve this problem. :

b. Development of Thermal Diffusivity Rig for Ceramic Materials.
Thermal-diffusivity and heat-capacity techniques are being used to deter-
mine the heat-transfer properties of ceramics. The method requires disc-
shaped samples, approximately 1.9 cm in diameter by 0.2 to 0.3 cm thick.
These samples must be prepared from high-purity material that must not
become contaminated during fabrication. The samples must also be uniform
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in structure and porosity, and free from microcracks. To this end several
techniques for fabrication of disc sarnples have been investigated.

Attempts to prepare dlSCS by cold-pressing and 51nter1ng have
had limited success. Many of the samples had laminations or center cracks
that interferred with the measurements. Center cracks were eliminated by
a slow firing procedure. The laminations persisted, however, and were:
found to be due to the pressure release when the compact was pushed from
the die.

In order to obtain crack free samples 1sostat1c pressing was
attempted The method consisted of loading powder into a section of rubber
hose, of 1.9-cm ID, with a 1-cm wall thickness, and with a rubber stopper
closing one end. When the appropriate amount of powder was loaded, a
second stopper with a hole drilled in its center was pushed into the open
end. The length of hose was adjusted before the start of the operation so.
that the stoppers would contact the powder. A thin-walled metal tube,.
0.155 cm in diameter, was then pushed into the stopper hole, and the entire
assembly was placed in a plastic bag and evacuated. When evacuation was
complete, the metal tube was removed from the stopper without breaking
the connection to the vacuum system. The opening used for evacuation was
then heat sealed, and the bag and its contents were isostatically pressed
at lekg/mmz. Samples were free from laminations. This technique, which
was conducted with uranium sulfide powder, is presently being adapted for
plutonium-glovebox operation. Development of this procedure should enable
us to study the effects of porosity on high-purity materials.

2. Liquid-metal Corrosion

a. Polarization Studies. High oxygen concentration in glovebox
helium caused interruption of polarization experiments. The oxygen leak
has been repaired, and the glovebox is again in operation. Two observa-
tione relatlng to solutivns of problems necessary for successful study in
this area are discussed in the following.

.

The first concerns verification.of the efficacy of the glovebox
cold trap in reducing oxygen concentration in helium from the range of
25 ppm (an incidental value existing when the observations began) to less
than 0.33 ppm, a value appreciably lower than that corresponding to the
vapor pressure of oxygen at liquid nitrogen temperatures. The low con-
centration was maintained in spite of additional in-leakage of oxygen at an
estimated rate of 0.5 ppm/min. The trap contains coconut charcoal in a
copper vessel immersed in liquid nitrogen and is regenerated periodically
by heating and evacuation. It was not empirically determined if the charcoal
was more effective in obtaining this performance than would be an equal
area of other thermally conductive materials. '
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The second development concerns a mechanical method of strip-
ping corrosion film from zirconium electrodes after overnight exposure to
oxygenated sodium (or oxygen gas) near 540°C. An effective stripping
method has been needed to evaluate the weight of corrosion film present
on electrodes where weight-gain measurements are questionable because
of oxygen dissolution into "uncorroded" sample metal underlying films and
also because of the possibility of some film loss to the sodium environment.

The novel method employs glass microbeads carried by a high-
velocity gas stream impinging on the corroded surface. The stripping mech-
anism appears to involve localized shattering of brittle corrosion product
by impinging microbeads and removal of resulting debris by the gas stream.
Uncorroded metal absorbs the impact shocks and is relatively unaffected
except for alteration ot 'surtace texture. The maximurn didmeler of sphers
ical glass beads employed was about 0.15 mam, the mean sphere size being
considerably smaller., An Industrial Airbrasive Unit was uscd to generate
the gas-bead stream. The velocity of nitrogen carrier gas in the nozzle
orifice of 0.46- to 0.51-mm diameter is estimated by the manufacturer to
be near 1100 ft/sec. About 5 min were required to strip a 15-cm? area
with a nozzle-to-surface distance of 1.9 cm and the stream held normal
to the surface.

Thinner corrosion films than those noted above were removed
only very slowly, due probably to the cushioning effect of underlying metal.
Relatively thick films (of thickness corresponding to 1 mg/cm2 of oxygen)
were similarly affected only slowly or unaffected; perhaps a higher impact
energy (by use of larger beads) would have been more effective. A film
weight loss corresponding to 0.4 mg C)xy'gen/c:mZ was determined for one
of the samples whose film thickness was in the optimum range for the
stripping technique described.

Some sparking was seen as glass beads struck stripped zirco-
nium, indicating loss of unoxidized metal. This amount was found to be
0.6 mg total for the 15-cm?® area during a second 5-min period of treatment
similar to that of stripping. A third 5-min treatment resulted in loss of
another 0.6 mg. This loss is thus small and reproducible.

The stripping method was further applied to stainless steel
corroded in 540°C steam and to 1100 aluminum corroded in 70°C water.
Corrosion films were readily removed. There was little weight change
observed when uncorroded samples of the same materials were subjected
to the same treatment. This method of stripping thus appears applicable
to a number of corrosion problems and displays a potential for use in quan-
titative studies. A more detailed report’ has been prepared and submitted
to Corrosion for publication. ’

?Youngdahl, C. A., "Mechanical Stripping of Corrosion Samples," submitted
to Corrosion (February 1966).



b. Lithium Corrosion Studies at Elevated T'emperatures. Titanium
is an effective nitrogen getter in lithium. The solubility of titanium in lith-
ium containing 55 ppm of nitrogen is about 15 ppm at 930°C (PWAC-356).
The behavior of titanium in lithium at higher temperatures and its inter-
action with multicomponent liquid-metal systems is not yet known. It is
thought that by obtaining this information, insight into corrosion-preventive
measures applicable to lithium systems could be gained. The results of
exploratory tests are described below.

In the initial titanium-lithium test at 1200°C, in which molyb-
denum was the container, a weight loss of 27.3 rng/cm2 of titanium was
observed over a period of 7 days. A needlelike surface structure associated
with high-microhardness measurements indicated some impurity diffusion
had occurred. Chemical analysis of post-test lithium samples showed a
nitrogen content of 15 ppm, compared with an initial nitrogen content near
50 ppm. No significant surface change of the molybdenum capsule was
observed after test.

Under similar test conditions and cxposure timme, a test was
made with an addition of 1.5 a/o silicon to the lithium. Silicon is considered
to be of interest because it'is a powerful deoxidizing agent, is very soluble
in lithium, and MoSiO, is a very effective oxidation barrier. The weight
loss of titanium was slightly reduced to 23.3 gm/cm2 over the same 7-day
period. The nitrogen content of post-test lithium was 25 ppm (initial nitro-
gen content was the same as in the previous test). Microhardness measure-
ments indicated no surface irregularities on the titanium. However, an
unidentified, rather brittle layer developed on the inner surface of the molyb-
denum. Such a result has not been experienced previously.

In view of the different results of these tests, it is noted that
silicon may significantly affect the behavior of titanium in lithium. Inter-
esting questions include the effect of silicon on the solubility limit of nitro-
gen or oxygen in lithium and the nature of the layer on the molybdenum.

It is expected that the addition of selected additives may have
profound effects on the corrosion of materials in high temperature lithium.

Exploration of these systems will be continued.

3. Irradiation Te sting

A series of irradiations are in progress. A'summary of the irradi-
ations of ceramic fuels in progress is shown in Table XIV.
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TABLE XIV. Status of High-temperature Fuel Irradiations in Progress

Fuel Jacket Jacket Jacket Maximum Jacket Calculated Burnup

Specimen Composition Composition 1D Thickness Surface Temp to Date
No. (w/o) {(w/o) (mm) (mm) (°c) afo f/cm?x 1072
MV-2 UC-20 PuC Nb-=1 Zr 6.5 0.30 650 4.6 15
MV-3 UC-20 PuC Nb-1 Zr 6.5 0.30 760 5.1 17
MV-5 UC-20 PuC Nb-1 Zr 6.5 0.30 750 4.8 16
MV-6 uC-20 PuC Nb-1 Zr 6.5 0.30 660 5.1 17
S-7 us Nb-1 Zr 6.5 0.30 530 3.4 8.6
S-8 us Nb-1 Zr 6.5 0.30 690 5.4 13
5-9 us Nb-1 Zr 6.5 0.30 710 5.4 13
S$-10 us Nb-1 Zr 6.5 0.30 670 5.4 13
S-15 us Nb-1 Zr 6.5 0.30 ) 560 2.5 6
S-16 uUs Nb-1 Zr 6.5 0.30 690 4.4 10.6
s-17 us Nb-1 Zr 6.5 0.30 680 3.1 7.5
5=18 us Nb-1 Zr 6.3 0.30 790 9

EN

12

The capsule irradiation program for the vibratorily compacted
UcC-20 w/o PuC specimens calls for nominal burnup levels of 2, 5, and
10 a/o at jacket surface temperatures of 600, 800, and 1000°C. Irradiations
have been completed at the 2 and 5 a/o burnup levels at 600°C, although the
2 a/o specimens did not all quite achieve this burnup or temperature. Spec-
imens for the 10 a/o level at 600 and 800°C are now in MTR.

The 5 a/o, 1000°C capsule which was inserted into the MTR on
January 10, 1966 had to be removed from the reactor after one cycle be-
cause of inability to maintain the gas annulus atmosphere under a static
test. Burnup for each specimen is estimated to be 0.3 a/o (1.0 x
10%° fiss/cc). The maximum cladding temperatures attained were 860°C.

A comparison of the specimens from this capsule and those with higher
burnups will vield information on any predominantely thermal effects which
may occur in the UC-20 w/o PuC system.

Another 1000°C capsule has been shipped to the MTR and is awaiting
insertion. ' : '
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D. Other Reactor Fuels and Materials Development

1. Fast-neutron Irradiation of Jacket Materials

Twelve capsules containing a total of 60 tube-burst specimens and
112 stress-rupture-type specimens are being irradiated in EBR-II as
partial loadings in two subassemblies. The neutron flux is to be 2.5 x
10%° n/crhz-sec. During this report period the status of these capsules
did not change because the reactor was not operated. The capsules are
identified in Table XV,

TABLE XV. Status of Irradiations of Jacketing Materials in EBR-II

Tentative Accumulated Maximum

Capsule Type of No. of Loading Removal Exposure Specimen
Number Material Specimen Specimens " Date Date (n/cmz) Temp (°C)
AS-1 V-20Ti Tube-burst 12 12-65 5-68 3.3 x 10% 540
AS-2 V-20Ti Tube-burst 12 12-65 5-68 3.3 x 107 540
AS-3 Hast-X  Tube-burst 12 12-65 5-68 3.3 x 10% 540
AS-4 Hast-X  Tube-burst 12 12-65 5-68 3.3 x 107! 540
AS-5 304 SS  Tube-burst 12 12-65 5-68 3.3 x 1080 540
AS-6 V-20Ti Stress-rupture 16 12-65 5-68 3.3 x 10% 580
AS-7 Hast-X  Stress-rupture 16 12-65 5-68 3.3 x 10% 580
AS-8 304 S5  Stress-rupture 16 12-65 5-68 3.3 x 102! 580
AS-9 V-20Ti Stress-rupture 16 11-65 4-68 6.6 x 104 590
AS-10 Hast-X  Stress-rupture 16 11-65 4-68 6.6 x 107 590
AS-11 304 SS  Stress-rupture 16 11-65 4-68 6.6 x 107! 590
AS-12 V-20Ti Stress-rupture 16 11-65 4-68 3.3 x 10% 580

2. Hydrogen Embrittlement in Irradiated Steels

A study is being made of possible hydrogen embrittlement in
irradiated steels, Tensile tests and stress-rupture tests of unirradiated
steels 4340 and 212 B have been completed.

Type 4340 is a high-strength (19,000 kg cm™ UTS) steel which
clearly shows its susceptibility to delayed failure by hydrogen embrittle-
ment in a stress-rupture test at room temperature. Hydrogenated notched
tensile specimens of 4340 failed in minutes or a few hours with loads
corresponding to one-half to one-third their tensile strength. The hydro-
gen charge was not high enough to produce blistering of the steel, but was
more than sufficient to produce delayed failure.

These tests were used to demonstrate the reproducibility of the
electrolytic hydrogen charging, cadmium plating, and baking techniques
used to load the specimens with hydrogen. Efforts to measure the amount
of hydrogen put in by the charging process by vacuum annealing have been
unsuccessful thus far. Many difficulties have been reported in the litera-
ture relative to this measurement. The apparatus has provided semi-
quantitative information on the rate of outgassing at various temperatures.
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This is helpful in explaining behavior of specimens after aging and long
periods of time under stress.

Control tests with 212 B pressure-vessel steel revealed that ten-
sile strengths of the specimens agreed with data furnished by the supplier.
Unirradiated specimens charged with hydrogen behave just as do uncharged
controls in tensile tests. The yield stress is about 4200 kg cm”™? for
these specimens, or about 60% of the ultimate tensile stress. In stress-
rupture tests failure was observed instantly at the ultimate tensile strength
(~7000 kg cm ™2 or 100,000 psi) for notched-bar specimens. A delayed
failure took place after a few hours with a load representing 95% of the
ultimate tensile stress. No failures were observed at or below 90% of the
ultimate.

All preparations have been completed for tesling of irradiated speci-
mens (see Progress Report for August 1965, ANL-7090, pp. 39-40). A small
hot cell has been equipped with a stress-rupluire machine and all the appa-
ratus for charging, plating, and baking the specimens. These operations
have been performed in this cell on some of the control specimmens.

The irradiated capsule containing the specimens has been opened in
a hot cell, The NaK used as a heat transfer bond was successfully cleaned
away and the specimens were identified.

Tensile tests of irradiated specimens disclosed that the tensile
strength of the 4340 went up about 5% as a result of the irradiation. This
result 1s based on a shaped tensile specimen. The load corresponded to a
stress of 20,000 kg cm™ based on initial cross-sectional area. Some re-
duction of area took place, bir has uut yet boen measured,

The irradiation raised the yield stress of 212 B by almost 70% and
the ultimate tensile stress by about 30%. ‘The exposure was calculated to
be enough to raise the NDT temperature well above room temperature.
Thus, tests for delayed failure of hydrogen-charged specimens will be
performed on steel that is considered brittle at room temperaturc. The
effect of hydrogen on this steel will be compared with that observed in the
unirradiated steel.

»

3. Nondestructive Tesling

hY

a. Elastic Moduli of High-temperature Materials by Ultrasonics.
The elastic constants of four small V-15 w/o Ti-7.5 w/o Cr samples were
calculated frow ultrasonic data as follows:
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Longitudinal wave velocity (6.08 + 0.04) x 10° cm/sec

Shear wave velocity (2.75 £ 0.01) x 10° cm/sec
Density 5.88 g/cm3

Young's Modulus (12.19 + 0.09) x 10™ dyne/cm?
Shear Modulus (4.45 + 0.03) x 10" dyne/cm?®
Poisson's Ratio 0.371 £ 0.002

The samples, which were measured in the as-rolled condition,
have now been annealed at four different temperatures and will be
remeasured,

Another stainless steel 304 rod has been received from the
shops, and measurements at high temperature will be made on it.

b. Ultrasonic Instrument and Transducer Development. Efforts
to uncover a suitable backing material for ultrasonic transducer probes
that contain ceramic piezoelectric materials have continued.

Additional samples of sintered Type 316 stainless steel (316 SS)
and fiber Type 302 stainless steel (302 SS) have been received. The 316 SS
samples are fine-particle discs with densities of about 65 and 75% theoret-
ical. The 302 SS samples, as received, were square sheets of Type A fibers
with densities of 66, 74, and 93% theoretical. Subsequently, two discs were
pressed from each 302 SS sheet. Longitudinal velocity measurements of
these samples are in process.

Two sintered nickel discs, 70 and 78% dense, were also re-
ceived this month. Preliminary measurements of the longitudinal velocities
have been made. The 78% dense sample has an acoustic impedance, Z, of
about 32 x 10° kg/mz-sec. Medium attenuation was observed in this sample,’
Thesce results indicate that sintered porous nickel holds promise as a back-
ing material for ultrasonic probes with ceramic piezoelectric transducers.

The continuous-wave Schlieren system for visualization of
ultrasonic vibrations was reassembled this month. Several new or improved
components were introduced into the system. The capability of the present
system is demouslrated in Fig. 23. The ultrasonic beams are the white
areas. The transducer probes are at the top of the pictures.

c. Development of a Neutron-image-intensification System. A
second postirradiation annealing study of an irradiated, clad fuel pin was
completed. The results of this run were superior to those obtained in the
first study in that improvement of image quality was apparent. Analysis of
the results is now in progress.
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Even with the improved image
quality of this second run, further image
sharpness is desired. Attempts to photo-
graph the image directly off the output
phosphor screen of the intensifier tube are
now being made, and comparisons of such
results with television photographs will
be made.

d. Thermal Conductivity of Irradi-
ated Fuel as a Function of Burnup and
Temperature. The thermal-pulse method
of measuring thermal diffusivity and con-

43516 (a) 1X 43517 (b) 1X

Figure 23 ductivity is being utilized to determine the
Schlieren Photographs of Two Ultrasonle thermal properties of irradiated tuel pins
Transducer Probes. (a) ANL 0.4 Mc as a function of burnup. This method will
cylindrically-focused (no lens) Tead enahle the diffusivity and conductivity to

zirconate-titanate, (b) Automation In-
dustries 5 Mc lead metaniobate.

be measured in both the axial and radial
directions at many points along the fuecl
pin and, thus, will indicate any anisotropy
in the thermal properties as well as any variation of these properties in
the axial and radial directions along the length of the fuel pin.

The last half of the irradiated uranium-5 w/o Fs specimens
(see Progress Report for November 1965, ANL-7122, p. 54) have been
received and transferred into the hot cell. Room-temperature measurc-
ments of the thermal diffusivity and thermal conductivity are in
progress,

E. Engineering Development

1. Boiling Liquid-metal Technology

a. Niobium-1% Zirconium Loop. The Nb-1% Zr loop has been
completely wrapped with a 0.004-in. layer of Nb-1% Zr foil, except for the
heavy-walled pump tube. The entire loop, support structure, heater assem-
blies, and condenser shutters have been assembled and transferred Lo the
proper position in the vacuum chamber facility. Connections are being
made to the pressure taps, sodium fill and flowmeter cooling lines, elec-
trical power and thermocouple leads, and the shutter drive. This assembly
work and final loop insulation are being carried out in the clean atmo-
sphere provided by the plastic cover and filtered air supply.

The sodium piping system has been heated Lo 350°F. Light
leaks in the valves, some in the gaskets and some in the valve bodies, were
found. This system must be leaktight. Repairs are in progress.

Of approximately 60 thermocouple assemblies received from the
vendor, 29 were acceptable, although none meet the original specifications,



Acceptability was determined by radiograph, resistance check, and thermal
cycling (see Progress Report for January 1966, ANL-7152, p. 64). A mini-
mum of 36 assemblies is required prior to initial loop operation. :

The clean room used for assembly of the loop and support struc-
ture will be used for storage and for future assembly of loop components
requiring a clean atmosphere (e.g., assembly of high heat flux and transient
heaters). Preliminary design of a heater for transient boiling experiments
is underway.

b. Heater Experiments

(i) Electron-bombardment Heater Experiment, This experiment

is designed to gain experience with electron-bombardment heating and to in-
vestigate geometric and mechanical factors involved in the construction of a
high heat flux heater. The present design incorporates a sodium pool boiler
with a sixteen inch heated length. Although the information obtained from
this experiment is being used primarily in the design of a high temperature,
high heat flux electron-bombardment heater, basic information pertinent to
the pool boiling of sodium from a vertical cylinder may also be gleaned.

: Extended operation of the electron-bombardment heater ex-
periment has shown that the 200-kW, high-voltage power supply is not ade-
quate for use with electron-bombardment heating for long time periods at
lower power levels. Modifications of the present power supply which will
enable operation from 0.5 to 200 kW are now being examined. Also, a filter
system is being designed to eliminate a high-voltage arcing problem in the
power supply, caused by dust buildup on components located within the
power supply.

2. General Heat Transfer

a. Heat Transfer in Double-pipe Heat Exchanger. A paper entitled
"Mathematical and Practical Aspects of Heat Transfer in Double-pipe
Heat Exchangers," which summarizes nearly all of the work done at ANL
under this category of research, has been accepted for presentation at the
"Third International Heat Transfer Conference," Chicago, Aug. 8-12, 1966.
The paper has been completed and will be published in the conference pre-
print volumes well in advance of the actual meeting date. The ABSTRACT
of the paper is as follows:

A mathematical analysis of heat transfer in double-pipe heat
exchangers, based on first principles rather than on the use of heat trans-
fer coefficients, is generalized to include laminar or turbulent flows,
various geometrical configurations, and both cocurrent and countercurrent
operation. Practical aspects concentrate on accurate predictions of overall
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heat transfer rates and include consideration of a quantity called the
"Effectiveness Coefficient" for this purpose. Procedures for the inter-
pretation of experimental data, derived from the analysis, are also
suggested.

(i) Countercurrent Turbulent Liquid-metal Flow. As part of
the continuing study of computational procedures for application of the
available formal mathematical solution for predicting heat transfer and
temperature distributions in counter-flow heat exchangers, several alter-
nate procedures (e.g., see Progress Report for December 1965, ANL-7132,
pp. 43-44) have been reformulated for the plug-flow parallel plane ex-
changer. The formulation will be used to perform "computer experiments"
for comparison of the various procedures on a common basis. The simple
case chosen--plug Nluw in parullel plane durts--gliminales many compli-
cations which, at the present stage, are not important for comparisons of
the compulativnal proccdures. ‘

Improvements of the existing mercury flow loop have heen
completed, and a test-section (double-pipe heat exchanger) design has been
selected for construction.

F. Chemical Separations

1. Fluidization and Volatility Separations Processes

a. Recovery of Uranium and Plutonium trom Low-enrichinent
Fuels: Laboratory Support Work

(1) Flnorination of UO,-PuO,-Fission Product Pellets. De-
velopment studies are being performed in a 2-in.-dia fluid-bed reactor to
determine the optimum conditions for fluorinating UO,-PuO, pellets con-
taining fission products. Two runs (Pure-15 and Pure-16) were carried
out to evaluate the effect of programming the temperature of the fluid bed
during recycle-fluorination on the uranium and plutognium rctention on the
fluid-bed material. In cach run a 2-in.-deep fluidized-packed bed of
UO,-PuO,-fission product pelléts (650 g pellets and 1100 g alumina con-
taining 0.6 g CsF) was fluorinated according to the sequence: (1) a two-
zone oxidation- fluorination step for 3 hr at 450°C, (2) a once-through
fluorination step for 1 hr at 450°C while the fluorine concentration was in-
creased from 10 to 90 v/o, (3) a recycle-fluorination step with 90 v/o
fluorine while the bed temperature was increased from 450 to 550°C in
incrcments of 5°C./9 min in run Pure-15 and 5°C/18 min in run Pure-16, and
(4) a recycle-fluorination step with 90 v/o fluorine at 550°C to give a total
recycle-fluorination time of 8 hr. The concentration of plutonium in the
final alumina bed was 0.025 w/o in run Pure-15 and 0.034 w/o in run
Pure-16. Since the residual plutonium concentrations in these runs were
higher than those achieved in several previous runs employing two-zone




oxidation—fluorination followed by other recycle-fluorination schemes (see
Progress Réport for December 1965,'AVNL‘-.7132, -p'.v”45),..it~ appears that in-
creasing the bed temperature from 450 to 550°C in small increments
following the two-zone oxidation-fluorination step does not lead to increased
plutonium removal from the bed material. ' o '

To improve removals of plutonium from beds of alumina
containing CsF in runs in which the alumina bed is used only once, a'newly
developed two-step procedure was employed in two experiments. Pre-
liminary results from these experiments indicate that the concentration of
plutonium on the alumina-is réduced to a satisfactory level (0.009 w/o)’_ by
the two-step procedure. In the experiments, UO,-PuO,-fission product
pellets-were reacted in the following manner in an alumina fluid bed con-
taining cesium fluoride: (1) the pellets were pulverized by oxidation with
20 v/o oxygen for 3 hr at 450°C, and (2) the uranium and plutonium oxides
were fluorinated with 10 v/o fluorine for 2.5 hr at 300°C and for 3 hr at
350°C, and'the residue was subjected to recycle fluorination with 90 v/o
fluorine for 3 hr at 350°C, for 6 hr while the bed temperature was increased
from 350 to 550°C .in increments of 5°C/9 min, and finally for 3 hr at 550°C.
Additional experiments are under way to optimize the conditions for the
two-step procedure. ’ '

A separate test was performed in the 2-in.-dia fluid-bed
reactor with a 2-in.-deep fluidized-packed bed of pellets (0.6 g cesium
fluoride added to 1100 g alumina) to demonstrate the use of BrFs as a
selective fluorinating agent for the conversion of uranium to UF;. In this
process, the pelleted fuel is first pulverized by reaction with oxygen and
then fluorinated with BrFj5 to form volatile UF¢ and nonvolatile PuF,. Plu-
tonium is recovered as PuF¢ in a subsequent step by reaction with fluorine.
In this test, the pellet fuel was oxidized for 4 hr with 20 v/o oxygen in
nitrogen at 450°C. The uranium was next fluorinated with 11 v/o BrF;y in
nitrogen for. 1.8 hr at 300°C. The recycle-fluorination step with fluorine
-for the volatilization of plutonium was carried out as follows:. 1 hr at 300°C
while the fluorine concentration was increased from 10 to 90 v/o; 2 hr at

300°C with 90 v/o fluorine in nitrogen, 5 hr with 90 v/o fluorine while the
bed temperature was increased from 300 to 550°C in increments of 10°C/
12.min, and 2 hr at-550°C with 90 v/o‘ fluorine. The residual plutonium
concentration in the final alumina bed was. 0.007 w/o after atotal of 10 hr of.
recycle-fluorination. This result is similar to that obtained in a previous
test (see Progress Report for January 1966, ANL-7152, pp. 67-68) in which,
after a total of 13 'hr of recycle-fluorination at temperatures of 300 to 550°C,
the final plutonium concentration in the alumina bed was 0.006 w/o. These’
data indicate that the BrFy process can achieve satisfactory residual plu-
tonium levels in the alumina bed in the presence of cesium by the use of a

. suitable recycle-fluorination scheme. ‘ :
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b. Recovery of Uranium and Plutonium from Low- enrlchment
Fuels: Engineering Work

(i) Engineering-scale Alpha Facility. Preparations are in
progress for the next experiment involving the fluorination of UO,-Pu0O,
pellets to a mixture of UFy and PuF, and the separation of plutonium from
the UF¢-PuF, mixture by thermal decomposition of PuF to solid PuF, in
a fluid-bed reactor.

Chemical analyses of the UF¢-PuF, feed stream and of the
UF4 off-gas from the thermal decomposer during the second test (see .
Progress Report for January 1966, ANL-7152, pp. 68-69) indicate that
essentially complete decomposition of PuF¢ occurred in the fluid-bed de-
composer, The plutonium concentration in the mixed hexafluoride gas
stream decreased from 0.05 w/o in the feed to <0.001 w/o in the off-gas.

(ii) Process Development Studies for Uranium Dioxide Fuels.
Studies have continued in a 3-in.-dia fluid-bed reactor to investigate alter-
native schemes for processing uranium dioxide fuels. Three tests were
performed to study (1) the effect of prefluorination temperature on the ex-
tent of conversion of the alumina bed material to fluoride, and (2) the
effects of operating conditions on the fluorination of large quantities of
uranium fines,

When sintered alumina is exposed to fluorine at a given
temperature level the concentration of fluoride in Lhe alumina rcaches an
equilibrium value after about 4 hr. In a test in which sintered alumina was
exposed to 67 v/o fluorine at 20, 450, and 550°C (4 hr at each temperature
level), the concentrations of fluoride in the aluinina bed at the end of each
interval were 0.09, 0.06, and 1.2 w/o, respectively.

Two tests were performed to determine satisfactory oper-
ating conditions for fluorinating large quantities of uranium oxide fines. At
the end of one test, a minor portivn of the final bed was found to be caked.
Analyses of the data from this run and previous runs involving fluorination
of uranium oxide fines suggest that the formation of a cake might result
from a combination of high temperature in the fluid bed, low gas velocity
in the bed, and low concentrations of fluorine in the off-gas stream. Ex-
cess fluorine in the off-gas can be achieved by reducing the fluorine utili-
zation through reduction in the fluorination temperature or through an
increase in gas velocity. These conditions were successfully applied in
the second run, which involved the fluorination of 2.3 kg of uranium oxide
fines in a 2.9-kg alumina fluid bed. The fluorination was carried out at
350°C with 12 v/o fluorine in nitrogen as the fluidizing gas. The super-
ficial gas velocity in the fluid-bed reactor was 1.5 ft/sec. The fluorination
was completed in 2.5 hr, during which period the UF, production rates
averaged 50 lb/ (hr)(sq ft). The alumnina bed material at the end of the run
was free flowing,
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2. General Chemistry and Chemical Engineering

a. Preparation of Ceramic Fuels for Fast Reactors. There are
two motivations for studying the preparations of ceramic fast reactor fuels.
The first is to make well-defined materials for further experimental
work; the second is to develop preparation procedures which economically
fit into an appropriate fuel cycle. Both objectives may, however, be served
by a single research program. '

The Chemical Engineering Division at Argonne has carried on
for several years a small effort on the synthesis of ceramic fuels, particu-
larly carbides (see Reactor Development Program Progress Reports for
February 1964, ANL-6860, p. 80; July 1965, ANL-7082, p. 46; and Novem-
ber 1965, ANL-7122, p. 65). In the past few months the program on the
synthesis of carbide fuels has been expanded. The discussion below concerns
program planning and presents a summary of the most pertinent experi-
mental results.

The fluidized-bed technique appears to be especially attractive
for preparation of carbide fuels because it affords efficient gas-solids
contacting and because a powdered product is obtained. Two fluidized-bed
processes are being developed for preparing carbides: (1) carburization
of hydrided uranium-plutonium alloy with hydrocarbon-hydrogen gas mix-
tures to form (U,Pu)C, and (2) conversion of (U,Pu)O, to (U,Pu)C by re-
action with carbon or methane. The former problem is requiring the larger
effort, whereas the latter is a small effort aimed at developing methods of
closing the carbide fuel cycle. The process for reacting uranium-plutonium
alloy with methane or propane has been developed to the point where the
ultimate success of producing (U,Pu)C by this process appears to be
assured, as noted by the experimental progress described below. Consider-
ations of the process steps indicate that the cost of producing (U,Pu)C by
this method will be moderate.

The fluidized-bed process to convert (U,Pu)O, to (U,Pu)C is in
the planning and design stage. One source of (U,Pu)O, for this process
would be the product of the fluoride volatility fuel reprocessing cycle. It
is contemplated that carbon will be blended with the oxide during conversion
of UF4-PuFy to (U,Pu)O,, after which the (U,Pu)O,-carbon mixtures will be
converted in a high-temperature (1500 to 1700°C) fluidized bed to the mono-
carbide. An alternative approach would be to react a methane-hydrogen
gas mixture with (U,Pu)Q; particles in a high-temperature fluidized bed. It
is believed that formation of carbides, rather than carbon coating of the
oxide particles, can be attained by proper selection of the process variables.
Either of these oxide-conversion processes is potentially capable of pro-
ducing dense spherical particles which would be suitable for the vibratory
compaction method of fuel densification. '
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(i) Thermobalance Studies. A detailed discussion of the re-
action thermodynamics for formation of UC and (U,Pu)C by reaction of the
metal or alloy with hydrocarbon gases was given in ANL-7122, p 65. Ex-
cessive carburization of (U,Pu)C by the reaction

2(U,Pu)C + CHy = (U,Pu),C, + 2H,

can be prevented by maintaining the CHy concentration at less than the
equilibrium value for the above reaction. Thermobalance experiments are
being conducted in order to determine a more precise value than can be
obtained by calculations based on currently available free energy data. A
rough indication of the rate of reaction is also obtained in these experiments,

An Ainsworth recording thermobalance installed in a plu-
tonium glovebox has been utilized for these experiments. A length of fine
platinum wire, fastened to the balance pan, suspends a platinum dish holding
a metallic sample 1n a quariz furnacec tube, The furnace tube is heated hy
a resistance furnace. The procedure consists of reacting about 3 g of metal
with hydrogen in the thermobalance to yield a finely divided hydride and
then reacting the hydride with a hydrogen-hydrocarbon mixture. The car-
burizing gas flow is begun as soon as hydriding is complete in order to
prevent sintering as the temperature is raised. The change in weight of the
sample is recorded as a function of time.

Runs were carried out in which uranium-20 w/o plutonium
alloy samples were reacted with propane-hydrogen or methane-hydrogen
gas mixtures at 650 to 750°C. (At thermodynamic equilibrium, it is im-
material, for a given C:H ratio for the gas phase, whether propane or
methane is used.) The opcrating condilions and the compnsition of the pro-
ducts resulting from a number of these runs are shown in-Table XVI.

TABLE XVI. Thermobalance Experiments on Preparation ot Uranium-Plulonium Carbide by the Metal-Hydrocarbon Reaction
Conditions: Approximately 3 g of U-20 wfo Pu alloy hydrided and then reacted with hydrocarbon-hydrogen mixtures at the

- temperatures indicated below; a gas flow rate of 1.4 to 3.1 liters/min; 1 atm pressure
Reaction Conditions - Product Compositions
Temp Reaction Time (min} Weight Gain X-ray Analysis {w/o)
°C) Reagent Gas® To Cumnletionh Total (% of Theoryl® Major Minor Carbond
670 1.6 vio C3Hg 200 20 105 Xc8 - 4.72
700 3.2 vlo C3Hg 120 120 91 XC - 4.80
700 4.2 vfo CaHg 100 100 - XC - 4.62
750 1.0 v/o C3Hg 125 210 113 XC X2y 4.69
750 1.5 v/o C3Hg 52t % 9% Xc - 407
750 1.5 v/o C3Hg 210 400 107 XC XoC3 4.88
750 1.5 vio C3Hg - as 102 p{ Xa€3. XO0p 4.2
750 1.0v/o CHy 180 370 108 XC . X2C3, X0 w7
750 2.0 vfo CHy 85 2% 114 Xe XoC3 5.04

3The balance is hydrogen.

bEstimated time for completion of reaction measured from the time temperature reached 500°C until the rate of change of weight became very low.

Cgased on formation of pure (U,Pu)C.

dearbon content of stoichiometric (U,PulC is 4.80 wio.

EFace-centered cubic structure with lattice parameter of about 4.96 A a value which is-within the range that might be expected for a uranium-plutonium
monocar bide solid solution,

fA second hydriding was performed, thereby reducing the particle size and resulting In a faster carbiding rate.
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The differences in reaction rates as a result of variation
of temperature and gas composition were not large as compared with '
those produced by random variations in the reactivity of the hydrided ,
alloy. However, increasing the hydrocarbon concentration did appear to
increase the reaction rate slightly. Most of the runs were conducted with
a gas composition which would be expected to be in equilibrium with carbon
or the sesquicarbide. However, only small amounts of sesquicarbide
formed in runs that were continued for several hours beyond the com-
pletion of the formation of the monocarbide (as indicated by weight gain of
the sample). The low rate of formation of the sesquicarbide is attributed
to a low rate of diffusion of carbon through UC,. ‘

It is noted that the sesquicarbide did form (although in
small amounts, as observed above) even at the lowest hydrocarbon con-
centration (1 v/o methane) when the experiments were continued appreci-
ably beyond the time that the reaction to form UC was completed. This
indicates that a methane concentration of 1 V/O is too high for equilibrium
of the gas with the monocarbide.

In a recent experiment carried out at 770°C, carbiding was
initiated with a hydrogen-0.9 v/o methane gas mixture. The reaction pro-
ceeded as usual to the stoichiometric weight gain and beyond, indicating
that at these conditions (U,Pu),C; was the equilibrium phase. However,
when the methane concentration was lowered to 0.75 v/o, the weight sta-
bilized at the value representing (U,Pu)C. This result indicated that
(U,Pu),C; and (U,Pu)C were in equilibrium at 0.75 v/o The free energy
change for the reaction

C + 2(U,20w/oPu)C = (U, 20 w/o0 Pu),C;

was calculated to be -4.4 kcal/mole of (U, 20 w/o Pu),C;. Further experi-
ments of this type are planned in order to determine the equilibrium gas
phase composition at various tempcratures and plutonium concentrations
and with reactant gases containing lower concentrations of impurities than
has been possible with the existing equipment.

These thermobalance experiments indicate that, at a tem-
perature of 770°C and a pressure of 1 atm, the methane concentration must
be 0.75 v/o or less in order to prevent formation of higher carbides. It is
expected on the basis of thermodynamic considerations that, by raising the
total pressure to 10 atm, the partial pressure of methane could be in-
creased almost 100-fold (from 0.0075 to about 0.7 atm) without formation
of the sesquicarbide. This is a satisfactorily high value for the fluidized-
bed process in which the gas flow rate is limited by the free-fall velocity
of the finer particles.
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(ii) Fluidized-bed Studies. The experimental program for the
preparation of UC and (U,Pu)C by the fluidized-bed technique is directed
toward exploring the operating conditions which appear most likely to
yield stoichiometric monocarbides at high production rates. These con-
ditions are: temperature, 700 to 900°C; pressure, 5 to 10 atm; and fluid-
izing gas, 2 to 10 V/O methane in hydrogen. The six fluidized-bed reactors
for this program are in various stages of development from conceptual
design to near the termination of operation, as shown in Table XIX. Be-
cause of the additional complications in operating experimental equipment
with plutonium, experiments for testing equipment design and operational
concepts for carbide fuel production will first consist of preparing UC,
since these experiments can be carried out in an open hood. This is the
reason for the extensive preparations for synthesis of UC.

Installation of a 2%——in.—dia reactor (designated "Semi-
works Reactor" in Table XXII) which can be used with the above ranges
of conditions for preparation of UC on a 2-kg scale has been completed,
and the reactor is now undergoing "shakedown" runs. This reactor, con-
structed of Type 304 stainless lsteel, has a jacketed heating section which
is pressurized with argon in order to balancc the internal pressure and
thus minimize the stress on the heated wall. The off-gas from the reactor
will be discarded in initial tests but, at a later date, equipment to recir-
culate the gas will be installed. A similar reactor (designated "Production
Reactor" in Table XVII) is being designed for preparation of (U,Pu)C.

TABLE XVII. Stalus of MNuidized-bed Reactars

Capabilitics
o Feed Capacity Temp Pressure )
Reastar Maler lal Product {kg/atch) (6C) (atm) Purpose, Status
UC Preparation

Small-scale Reactor 1} uc 0.3 750 3 To demonstrate protess and test gas
compositions; experiments to be discon-
tinued soon.

Semiworks Reactor u uc 2 900 10 To test process and designs concepts;

. "shakedown" runs in progress.

Oxide Converter U0, uc 1 2000 10 To demonstrate process for varivus methods

of carbon addition; design is under way.
(U,Pu)C Preparation

Demonstration Reactor U-Pu {U,PuiC 0.8 800 5 To demonstrate process by producing high-
purlty (U,Pu)C; "shakedown® runs
beginning.

Production Reactor U-Pu {U,PuiC 2 . 900 10 To demonstrate process on semiworks scale
and produce (U,Pu)C for irradiation and
fabrication studies; design is under way.

Advanced Fuel Preparation

UN Reactor u UN, UIC,N}, 0.3 1000 1 To demonstrate preparation of UN and of UC-

etc. containing additives; "shakedown® runs

under way {under low priority).

The reactors for producing UC are to be operated within
an air-atmosphere hood, as noted above, with only normal industrial pre-
cautions required. (The exception is the small-scale reactor, which has
been operated in a helium-atmosphere glovebox.) However, these reactors
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must be unloaded in a high-purity inert atmosphere. In the case of the
semiworks reactor, the product is prieumatically conveyed to a container
which is transferred to a glovebox for unloading.

The reactors for producing (U,Pu)C are designed to be
operated in gloveboxes which contain a high-purity helium atmosphere, in
order to minimize oxidation of the product during unloading. Two inter-
connected gloveboxes containing 250 cu ft of helium are now being used for
this process. The atmosphere in these boxes is maintained at a low im-
purity level (as low as 3 ppm water and 5 ppm oxygen in recent tests) by a
purification system which utilizes an activated charcoal trap cooled by
liquid nitrogen.

During this period of equipment construction, UC has been
synthesized in a l%—in.—dia fluidized-bed reactor (designated "Small-
scale Reactor" in Table XVII) which is capable of operation at-near-
atmospheric pressure and at temperatures up to 750°C. The purpose of
these experiments was to demonstrate that a stoichiometric monocarbide
of low oxygen content could be obtained by the fluidized-bed technique.

In these experiments, 100 to 200 g of uranium rods were hydrided at

250°C to form fine UHj; powder suitable for fluidization. This powder was
dehydrided and converted to UC by heating at 600 to 750°C while fluidizing
with a propane-hydrogen gas mixture. The temperature was maintained at
the final level for 5 to 20 hr to complete the reaction. Near-stoichiometric
UC with an oxygen content as low as 0.08 w/o was produced in recent
experiments., Results from some of these runs are shown in Table XVIII.

TABLE XVIII. Uranium Monocarbide Experiments in a Fluidized Bed

(200-g scale; run duration, 10 hr)

Product Composition

Propane in

: b
U
Temperature Fluidizing Carbon Oxygen rapmm
(°c) Gas? (v/o) a/o w/o a/o w/o a/o
600 3 47.2 4.5 2.5 2 50.3
700 1.5 48.6 4.6 0.8 0.10 50.6
700 9 56.5¢ 6.2¢ 0.5 8 43,0

2The balance is hydrogen. The following C3Hg concentrations in hydrogen weré calculated
for C:H ratios equivalent to the equilibrium gas compositions in the systems
CH,4-H,-UC-UC; and CH4-H-TIC,-C:

C3Hg Concentration
(v/o)

Temperature
(°C) UC"UCZ UCZ‘C
600 5.5 8.6
700 2.0 3.6

bCalculated by difference.
CCarbon deposition on the reactor walls indicated that the product for this run probably
had a high free-carbon content, as expected (see footnote a).
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The carbon contents of the products from the first two runs in the table
were very close to the stoichiometric value of 50 a./o (4.8 w/o) carbon.
These runs were conducted under carburizing conditions which would be
expected to yield the monocarbide (see footnote a in Table XVIII). The
third run produced hyperstoichiometric carbide, as was to be expected be-
cause of the high propane concentration.

Work is also in progress to develop techniques for pressing
and sintering (U,Pu)C in order to obtain kilogram quantities of pellets for
irradiation and chemistry studies of the fuel. This work is being carried
out in a facility closely associated with the fluidized-bed unit to avoid ex-
posure of the fluidized-bed product to air in transfers from preparation
equipment to pressing and sintering equipment. An automatic press has
been purchased for installation in an inert-atmosphere glovebox for these
studies, Two sintering furnace, one loaded from the bottom of a glovebox
in the two-glovebox system described above, are now operable.

In summary, it is believed that UC or (U,Pu)C powder of
low oxygen content and near-stoichiometric carbon content can be routinely
prepared by the fluidized-bed process when equipment currently being de-
signed has been completed. Such powder would be suitable for pressing and
sintering into fuel pellets without need for an intermediate grinding step.

G. Plutonium Recycle Program (EBWR)

1. Theoretical Calculations

The unpoisoned plutonium zonc in the EBWR with control and safety
rods removed had been found experimentally to have a multiplication con-
stant of 1.00]1 when loaded with 22 assemblies. A four-group, two-
dimensional diffusion-theory calculation, by means of the CANDID-2D code,
made for this configuration yielded a multiplication constant 1.008. Micro-
scopic cross sections for the three fast groups were obtained by use of
the GAM code and for the thermal group by use of the Argonne Revised
THERM¢S code, which permitted successive spectrum-weighted homog-
enizations of the complicated EBWR cells. In this calculation the control-
rod followers were assumed to be made of Zircaloy; actually, the lower
15 in, of the followers are stainless steel. Calculations will be made to
estimate the reactivity effect due to the stainless steel.
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III. ADVANCED SYSTEMS RESEARCH AND DEVELOPMENT

A. Argonne Advanced Research Reactor (AARR)

1. Reactor Physics Experiments

Measurements summarized in this report period include earlier ex-
periments with.the 810 fuel foils and 810 boron-stainless steel poison strips
reactor core loading (~41.4 kg UZ35/42.5 g B), and experiments with the
present full core loading of 1215 standard fuel foils (~62.1 kg U%%) and
1620 B-SS poison strips (~850 g B).

The experiments with the former (810/810) loading included:

(a) effects of beam-tube interaction on neutron-beam intensity;

(b) vertical traverses of U?**-fission activity, at various distances
from partially inserted in-core control blades;

(c) azimuthal traverses of U%*®_fission activity near control-blade
followers;

(d) a study of the feasibility of using a (modified) peripheral con-
trol blade for automatic .regulation of reactor power.

The experiments with the newer (1215/1620) loading included:

available excess reactivity;

—~~ o~
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reactivity-control capacities of the control blades;

—
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reactivity coefficient of voids in the Internal Thermal Column
(1ITC).

Working with two squarc aluminuri-walled through-tubes (4 1n. x
4in. OD;:1/8-in. wall thickness), beam-tube interaction was measured for
two different radial locations of the tubes and for two different thicknesses
of beryllium between the tubes. In each case, the two tubes were placed one
above the other, with the longitudinal axes coplanar. Whether the tubes were
placed against an outer face of the reactor core, or placed with 2 in. of
beryllium between the tubes and the core, a 4-in. beryllium thickness be-
tween the tubes provided essentially complete separation. With 2 in. of
beryllium between thc beam tubes and the core, and only 2 in. of beryllium
between the tubes, the intensity of the collimated neutron beam in one voided
tube was reduced by approximately 16% when the beryllium filler was with-
drawn from the other through-tube. It must be expected that with much
larger voids in the beryllium, representing beam tubes and their environ-
ment, interaction effects of beam tubes will be much larger when beam tubes
are in close proximity.
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The results of vertical traverses and azimuthal traverses of U?*-
fission activity near control channels in the 810/810 system indicated that
for in-core bla;zes the control blade absorber depressed the power as far
as halfway through an adjacent fuel assembly. Similarly, in the vicinity of
control-blade followers, there was substantial power peaking. The peaking
dropped off roughly exponentially with distance from the follower, but per-
sisted until the middle of the adjacent fuel assembly. With a 0.2-in.-thick
aluminum blade follower, the percentage increase in power at the control
channel was approximately twice as large as for a SS follower of the same
thickness. These measurements will be repeated in the 1215-fuel-foil
loading, which is much closer to the reference design AARR.

Activation mappings (U%3 fission) in the 810/810 system indicated
that there would be no pronounced power tilt in the core if a peripheral con-
trol blade were used as a regulating blade. However, there 1s a substantial
reduction in the level of thermal-neutron flux in the beryllium nearby, even
as far as 3 to 5in. The present choice of a regulating blade is Lelween a
single in-core-blade position and a single peripheral-blade position. Before
making a choice, additional measurements will be made, this time in a load-
ing more closely approximating the reference design system, both for an in-
core blade and for a peripheral blade.

With the three tubes in the beryllium reflector filled with beryllium,
the measured available excess reactivity of the 1215/1620 system was 2.2%.
The aluminum walls of the beam tubes caused a reactivity loss of 0.3%. The
inferred net reactivity of thc system with a clean reflector therefore is 2%%,
in comparison with a computed value of ~4%%.

The reactivity-control capacities of conliul Llades are cmaller in the
1215/1620 system than in earlier, lighter core loadings of fuel and poison.
The measured worths of control blades are reported in Table XIX, as posi-
tive values. For convenience, a summary is given in Table I of control-
blade worths in all 4 core loadings so far studied. The worth of control-
blade No. 3 in the 1215/1620 system appears to be unreasonably low, and it
will be remeasured. '

TABLE XIX. Reactivity Worths (%) of ITafnium Control Blades with Aluminum Followers

Reactivity Worth
Control-blade y rth (%)

Type? Blade No. 315 Core 615/420 Core  810/810 Core 1215/1620 Core
A 1 - - 1.3 1.15
A* 3 - - - 1.00
B 2 or 4 : - 1.52 1.43 +0.01 1.15
B* 6 - - - 1.22
C 7,9, 0r 11 - - 1.30 + 0.05 1.01 +0.01
C* 7 - - - 1.04
D 8, 10, or 12 1.8 +0.1 1.66 1.43 £0.01 . 1,124 0.01
D* 10 - - - 0.93

2A- and B-type control blades are peripheral blades. They are 7% in. wide and 0.20 in. thick,
excepl those marked with asterisks, which are 0.15 in. thick because of removal of 0.05 in.
of stainless steel shim plate. Oricntation distinguishes A from B. C- and D-type blades are
6-in. wide, in-core blades.
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- For distributed void in the ITC, and small percentages. of void, the
positive reactivity coefficient of ITC void with-the 12.15/‘1‘620 loading is
0.04%/% void. This is only ~0.9 as much as the coefficient in the 615/42.0-
and 810/810 systems. The corresponding computed coefficient is ~0.03%/%
void. ) . Lo . .

In the preceding Monthly Progréss Report (January 1966) ANL-7152,
p. 73, it was reported that the reactivity of the system was decreased slightly
when the SS follower replaced the zirconia-SS portion of specimen S3 in the
in-core position. This is an error as the sign of this reactivity change
should be positive, not negative. - ' : ' ’

2. Theoretical Reactor Physics

A computational study has been made of the reactor physics charac-
teristics of the Internal Thermal Column (ITC) in the preliminary physics
reference design system. In this system, the inner radius of the fuel zone
is 6.8 cm. The study surveyed reactivity effects and flux-depression effects
of volumes of aluminum as a diluent for irradiation samples, and also of the
additional neutron poison in purely absorbing samples in the ITC. To evalu-
ate the relative merits of reducing the radial dimension of the ITC, a com-
parison study was made for a 5.8-cm-radius ITC. In the latter case, the fuel
zone was thickened simply by increasing the thickness of the ungraded-fuel
zone by 1 crm. The graded fuel zones were kept at the same thicknesses in
both studies.

For an ITC containing only full-density H,O (no aluminum and no
samples), the total thermal-neutron flux at.the center of the ITC is only a
few percent smaller for the smaller ITC than for the 6.8-cm-radius ITC.
In more detail, the peak group-15 neutron flux (0.1-0.4 eV) is 10% larger in
the smaller ITC; the peak group-16 flux {0-0.1 eV) is 5% smaller. In the
5.8-cm-radius ITC, the ratio of computed peak neutron fluxes is

¢>f2)/¢>f§) = 4.0,

A more realistic case is one in which the ITC is loaded with samples.
If 25% of the entire "active" ITC volume (within the axial bounds of the active
core zone) is filled with aluminum, for the 6.8-cm-radius ITC the computed
group- 16 peak flux is 25% smaller than for the case of 100% water in the ITC.
The peak group-15 flux is reduced by only a few percent. The addition of
poisoning equivalent to 1 g natural boron in this ITC volume causes a further
reduction of ~12% of the original total thermal-neutron flux (groups Nos. 15
and 16), mostly in group No. 16. This additional neutron poisoning has the
absorption equivalent of twice that.of the aluminum added, or approximately
40 cm? of neutron poison in the "active" ITC, in group No. 16. The computed
reactivity effect of 1 g boron in the ITC is ~-0.3%.



76

The same total aluminum volume in the 5.8-cm-radius.ITC would
occupy roughly 35% of the smaller ITC. If pure aluminum occupied 25% of
the active volume of the smaller ITC, the peak total thermal-neutron flux
per unit power would be approximately 10% lower than in the larger ITC .
with the same percentage of aluminum. 'Increasing the pure aluminum con-
tent to 40% in the smaller ITC would reduce this peak thermal-neutron flux
by 25%, relative to the peak ITC flux for the case of 25% aluminum in the
ITC: Poisoning by capturing samples would lower the peak flux still further.

In summary, a comparison can be made of the ratio, R,.of the com-
puted peak total thermal-neutron flux, per unit reactor power, in the ITC's,
with the assumptions that: (a)the same total volume of aluminum is intro-
duced; and (b).the total (sample) poisoning is equivalent to 1 g natural boron:

Peak thermal neutron flux: 6.8-cm-radius ITC

R = Pcak thermal neutron flux: 5.8-cm-radiue ITC

= 1.3.

For the ITC's filled with H,O (no aluminum and no samples) this ratio is
~1.0.

There are certain advantages to working with the smaller ITC. One
important benefit is that the increase in core size plus the decrease in ITC
size gives.a net reactivity gain of ~2.1%. A second advantage of the smaller
ITC is a computed reduction in the maximum positive reactivity effect of
voiding in the ITC. ‘

At this writing, it appears that if the reduction in peak thermal-
neutron flux can be tolerated in the smaller ITC, there are some marked
advantages to reducing the ITC radius. As a cautionary note, if the AARR
were to be used more nearly as a production facility during a particular
core cycle, there would be substantially less ITC volume for loading of
samples.

3. Core Structure

Preliminary stress studies of the AARR core support grid have been
completed. Results indicate that a stainless steel grid will not be required

.and that a much less expensive aluminum alloy grid can be used. Since the

reactor will be refueled by means of insertion and removal of a complete
core package several times a year, the use of a substantially less expensive
core support grid is considered to be quite important. Also, the problem of
gamma heating in the gfid structure is reduced if aluminum is used instead
of stainless steel.

Tests were conducted with'an actual core support grid made from
aluminum (aluminum was chosen for these tests because a test section ma-
chined from aluminum cost 1/3 to 1/2 that of stainless steel) in the apparatus
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shown in Fig. 24. Hydraulic jacks were used to load each dummy fuel end
fitting. Two independent pumps and manifold arrangements were required
to handle the two different sizes of end fittings and their respective net
load contribution to the core support grid.

Fig. 24. AARR Grid-plate Stress-analysis Facility. Full-size aluminum grid plate
in test position.

In the initial tests the deflection of the structure was determined by
use of a reduction in pressure loading proportional to the difference of the
modulus of elasticity between SS-347 and Cast Aluminum 6061. In the fully
loaded condition (i.e., equivalent to a 125-psi pressure drop across the
SS-347 grid and fuel) the maximum deflection occurred in the edge of the
central hexagonal hole of the ITC. Maximum deflection at the equivalent
full load was approximately 0.010 in., slightly more than the 0.006-0.008-in.
deflection desired to maintain alignment of fuel and structures attached to
the plate.

Photo-stress analysis was used to determinc the areas of maximum
stress, which were found to occur at the three junctions of the two outer
control-rod slots and the inner control-rod slots remote from the three
hold-down bolts (i.e., there are six such junctions--three are adjacent
to the bolts, three are remote from the bolts). Detailed analysis of these
areas by photo-stress techniques showed the stresses at these points,
though greater than at auy olher place on the plate, were sufficiently low
so as to be difficult to mcasure.
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An attempt was made to measure the magnitudes of the stresses.
By means of strain gauges, the maximum stress encountered in the surface
of the core support plate under the full pressure load appeared to be less
than 3800 psi.

The results of this series of tests leads to a proposal that a second
aluminum core support grid, is with a web-section depth of ~10 instead of
the present 6 in., be used. It is expected that the tests with this second
aluminum grid will demonstrate that the deflections and stresses are suf-
ficiently low so as to obviate the need for stainless steel.

4. Fuel and Materials Development

a. Fuel-element Test Matlerials. A sandwich-type fuel-elemecnt
structure of depleted UO, dispersed in a stainless steel "picture frame"
was tested. The core of the element is 37 W/o UO, dispersed in Type 304-B
stainless steel, and was fabricated by a pressing and sintering process.

The facings of low-cobalt-type 347 stainless steel wecre hot rolled onto the
core.

The fuel element was machined into test specimens oriented
longitudinal and transverse to the direction of rolling (the long dimension
of the fuel element). Three types of tests were conducted with these speci-
mens to determine the mechanical properties of the sandwich material.

In order to use sandwich analysis to determine core propcrties
of this material, an accurate facing thickness value is needed. Dhotos of
the microstructure of the sandwich were taken at various levels of magni-
fication. In all cases there was no visible difference in the slainless struc-
ture from the edge to the center of the sandwich. UO, particles were
dispersed throughout the center. With the UO, particles along the edge as
a guide (the facings are void of UO;), an estimate of the thickness of the
facings was made. It appears that the facings are each 6 mils wide. Due
to the uncertainty of this value, the uncertainty of Lhe stainless micro-
structure, consistency, and the use of the material as a sandwich rather
than just the core, the effective mechanical properties of the sandwich as
a unit were reported instead of those of the core alone.

b. Type of Testing and Results

(i) Tensile Tests. The specimens were loaded in an Instron
tensile lesting machine, and curves of tensile load versus stram obtained.

These curves were not linear for strain levels above 700 {in. /m ; A48
expected of stainless stcel.

The data were very consistent from specimen to specimen,
varying by less than 4%. Young's modulus for the longitudinally oriented
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specimens was 21.5 x 10° psi, and for the transversely oriénted specimens
23.5 x 10® psi. For most calculations of strengths of materials, such a
difference in modulus in two directions is not great enough to justify treat-
ment of the material as anisotropic.

Solid stainless steel specimens (cut from the picture

frame) had a modulus of approximately 28 x 10° psi. With this value for the
facing material, assumed to be 6 mils thick (see Section III.A.4.a), Young's
modulus of the core was calculated. For the transverse specimens, the core
modulus was 21.4 x 10° psi and for the longitudinal was 18.5 x 10° psi. Since
-the facing thickness is only an estimate, the modulus values can only be con-
sidered to be order-of-magnitude numbers and should not be used for calcu-
lations of core strength.

The ratio of strain in the direction of loading to strain in
the transverse direction as measured by strain gauges is an approximation
of Poisson's ratio for the material. Considerable scatter was evident in
the data for this ratio, but no difference could be determined between the
transverse and longitudinal directions of the original element. A value of
0.25 is a reasonable average value of Poisson's ratio for the material.

(ii) Bending Tests. The specimens were loaded as simply
supported beams in such.a manner as to produce constant strain in the
center span. Deflection and strain were measured and plotted versus load
applied. Values of the deflection were 22.9 x 10° psi for the longitudinal
specimens and 26.2 x 10° psi for the tangential specimens. The strain-gauge
data yielded values of 22.8 x 10° longitudinal and 24.4 x 10° psi tangential
for the Young's modulus of the material in bending.

(iii) Dynamic Testing. Dynamic tests of two types were con-
ducted. The first tests consisted of mounting the beams as cantilevers
and exciting them so that the natural resonance frequency could be de-
termined. By means of the relation between natural frequency and Young's
modulus, values of moduli were calculated. Young's modulus of the longi-
tudinally oriented specimens was 22.2 x 10° psi and for the tangentially
oriented specimens 25.5 x 10% psi. The damping factor, calculated from the
ratio of the strain amplitude, was approximately 0.006.

The second tests consisted of attaching a large cylindrical
mass to the cantilever and twisting the released mass, allowing the system
to respond as a torsional pendulum. From the natural frequency of the
system, the shear modulus was calculated. The longitudinally oriented
specimens had a shear modulus of 9.4 x 10° psi and those transversely
oriented 9.8 x 106 psi. Because of the complex behavior of a rectangular
cross section subjected to torsion, such shear-modulus values may not be
appropriate for other types of loading. However, the data were consistent
(deviating from test to test by <2%).
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c. Conclusions. For calculations of bending strength and critical
flow velocity the usual sandwich analysis assumptions must be modified.
The normal assumptions are that the facings act as plates bending about a
neutral axis through the centroid of the entire section and the core has no
bending stréngth. Obviously the core has bending strength, since the ap-
proximate Young's modulus of the core was of the order of 106 psi.

Further, the relations -are normally modified to allow for re-
duction of the resultant values since the core is not infinitely rigid in
shear. This shear action in the core allows deformation about some other
neutral axis than the one through the centroid. With a Young's modulus of
the order of 10° psi, the additional term allowing for this deflection due to
shear has a very small value. In fact, a magnitude of 10® psi is required to
allow this term to have any significance in the geometrical arrangement
under investigation. Certainly deviations in the facing thickness assumed
could not reduce the calculated core modulus by a factor of 103,

A.rno're appropriate assumption for fuel-element calculations
would be that the sandwich material behaves as solid stainless steel strip
with a modulus of elasticity of 21.5 x 10°% or 26.2 x 10° psi, whichever
produces the most conservative result for the analysis being performed.

It should be further noted that the ratio of the modulus in the
transverse direction to that in the longitudinal direction (1.14) is not
enough to justify the assumption of anistropy for this material in any but
the most exact analysis. Therefore the sandwich material can be assumed
to be isotropic with a Poisson's ratio of 0.25.

5. Reactor Vessel

a. Design. A preliminary draft of the technical specifications for
the procurement of the AARR vessel was completed. Preliminary drawings
of the vessel elevation, top head, and belt-line penetrations have also been
completed to illustrate the design described in Lhe draft specifications.

Since the coolant-outlet nozzle is located below the core, the
current vessel design incorperates an. internal thermal shield which
serves as an overflow weir to prevent the drainage of the vessel in the
event of a rupture in the discharge line. The vessel internals and support
are arranged so that coolant flows down through the core and reflector,
then upward between the thermal shield and reflector shroud, and finally
downward to the exit nozzle via the annulus formed by the thermal shield
and vessel wall. A horizontal divider plate above the core and thermal
shield separates the vessel into two interconnected chambers (via the core
passages). '



This modification of earlier designs permits raising the inside
surface temperature of the belt-line section to thé coolant exit temperature,
or sufficiently above the nil ductility temperatures within:the vessél wall.

The vessel is supported from the lower section to permit access
to the beam-tube connections. With the vessel supports well below the core
support structure, the problem of radiation hardening of the steel is elimi-
nated. Upper vessel guide members are incorporated to permit axial ex-
pansion while limiting radial displacements. :

b. Pressure Pulse. The ultimate strength of the AARR pressure
vessel when subjected to pressure pulses has been investigated under slowly
applied internal pressure and sudden applied shock loading. In both cases,
the shell was assumed to act as an ideal membrane in which the elastic
strains and the bending strength are neglected, and the shell material was
assumed to be a rigid, strain-hardening, plastic solid. Due to the presence
of nozzles at the midsection of the vessel, the maximum permissible strain
€ is restricted. to one-third of the ultimate strain €, to ensure no premature
rupture occurring at nozzles and welds. This restriction is believed to be
conservative since test results!® show that all vessels with multiple nozzles
are capable of deforming without rupture to strains greater than 1/3 €u.

In the quasi-static analysis, it is further assumed that the pro-
file of the deformed shell is a circular arc.!! The strain rates € for such
a loading are usually low and moderate. The stress is, therefore, only a -
function of strain. According to the deformation theory,!! the maximum
allowable internal pressure that the AARR vessel is capable of containing
is 6,000 psig.

The spectrum of the accidental nuclear excursion is quite large
in both peak flux and total energy released. Furthermore, accidents can
occur under a variety of conditions, especially in the case of coolant loss.
Hence, for the purpose of the dynamic analysis, it was postulated: (1) that
the nuclear excursion will occur under the most adverse conditions, (2) that
- the energy flux of the excursion is comparable to that of TNT detonation,
and (3) that the vessel is completely filled with coolant. Under these con-
ditions the shock loading is so rapid that the stress becomes a function of
both the strain € and the strain rate €. Based on the proposed TNT Con-
tainment Law,!? it is estimated that the maximum charge weight of TNT
that the vessel is capable of containing is about 110 1b. For this charge

Ywise, W. R., Jr., and Proctor, J. F., Explosion Containment Laws In
Nuclear Reactor Vessels, NOLTR 63-140, U. S. Naval Ordnance Labora-
tory (Aug 1965).

'Weil, N. A. and Salmon, M: A., Studies of Reactor Containment
Structures, Report ARF-8262, Armour Research Foundation (1964).
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the corresponding maximum peak pressure of the shock wave is approxi-
mately 27,600 psig. The investigation showed that although the vessel wall
will deform plastically and the excessive deformation may render the
vessel inoperable, a catastrophic failure will not occur.

6. Experimental Facilities i

The detail design for the fabrication of the beam-tube prototypes
for test has been completed. The blind beam-tube assembly and the

. through-tube assembly are shown in Fig. 25. Basically, the design is

similar to an earlier version (see Progress Report for July 1964,
ANL-6923). '

'The blind beam tube comprises six major subassemblies: (1) an
aluminum blind beam tube, (2) a stainless steel beam-tube adapter, (3) a
stainless steel biological-shield-alignment liner, (4) a collimator adapter,
(5)the bdlt-breach connectors, and (6) a pool (bellows) seal. The sub-
assemblies perform the following major functions within the integrated
assembly: ‘

a. The beam tube penetrates the reactor vessel and furnishes a
collimated beam of high-intensity neutrons from the core to the experi-
mental face. The beam tubes are designed to be replaceable. Environ-
mental conditions within the vessel require that the tubes be designed to
withstand (1) a collapsing pressure of 800 psig, (2) thermal stresses
created by gamma heating, and (3) irradiation damage from sustained
exposure.

b. The stainless steel beam-tube adapter serves as a transition
piece between the reactor nozzle and beam tube. In addition, it extends
from the vessel nozzle to the experimental face and forms a support hous-
ing for internal shielding. The adapter after installation will be semi-
permanent, and removal is not intended unless damage to sealing surfaces
occurs. Installation of the beam tube is accomplished by connection to
the adapter rather than to the nozzle. This is done to reduce the possi-
bility of damage to the vessel nozzle. A damaged seat on the beam tube
adapter is easily remedied by replacement of the adapter.

c. The biological-shield-alignment liner is designed to compensate
for installation misalignment between the vessel and biological shield liner.

d. The collimator adapter provides a connection for the installation
of the experimenter's collimator.

e. The bolt-breech connectors are designed to facilitate rapid re-
mote assembly or disassembly of the beam-tube components.

4
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f. The pool (bellows) seal, in addition to forming a barrier for the
reactor pool water, compensates for thermal expansion and for vertical and
lateral movement between the reactor vessel and biological-shield-alignment
liner.

The design of one end of the through-beam-tube assembly is similar
to the blind beam tube. However, the opposite end is modified to provide
a connector for securing and sealing the end of the through-beam tube which
has been inscrted through the vesscl. The conncctor features a high-
pressure bellows seal which also allows for axial thermal expansion of
the through-beam tube. To prevent catastrophic leakage in the event of a
rupture in the high-pressure bellows, a split-ring seal is incorporated as
a backup.

Briefly, the blind beam tube consists of an aluminum preésure tube
¢ncased in thin-walled aluminum jacket. Both jacket and tube are inserted
into an aluminum sleeve which lines the opening in the reflector. The sleeve
is sealed to the reflector shroud. Cooling water enters through the beam-
tube adapter and flows through the annulus formed by the tube and jacket
toward the tip of the blind beam tube. At this point, the flow reverses,
enters the annulus formed by the sleeve and jacket, and ultimately dis-
charges into the reactor vessel. Coolant flow through the through-beam
tube is basically the same except that the coolant is discharged into the
vessel at the opposite end of the tube.

7. Material Compatibility and Corrosion

'I'he tests in which a 606l aluminum specimen wag subjected to a
heat flux of 100,000 B'tu/hr-ft?' were terminated afler o 2000-hr expusure.
The specimen was cut from the electrodes, and the edges were milled off
to expose the water-cooled surfaces. The surfaces of the specimen were
-smooth and light gray in color. There was no evidence of film spallation
as was observed on the first specimen exposed at the higher temperature.
A detailed examination of the specimen will be made, including metal-
lographic sectioning to determine accurately the thickness of.the corrosion
product film. "

The following table lists the temperatures that existed along the
specimen, the observed temperature increase during the run, and the oxide
thicknesses calculated assuming a thermal conductivity of 1.3 Btu/hr—ft-°F.

Distance from Temp at Water : Bulk Water At Oxide
Inlet End Interface Temperature Across Oxide Thickness

{in) (°F) {°F) (°F) (mils)
1.00 190 . 125 13 0.51
1.25 190 126 13 0.51
2.25 190 132 15 0.58
3.25 193 137 18 0.70
3.25 196 . 137 16 0.62
4.25 7 143 : 19 0.74
5.25 202 148 24 0.94

5.50 201 149 23 0.90
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The first stainless steel specimeén was installed in the loop, and a
short run was made to demonstrate that the specimen can be tested at a
heat flux of 4 x 10° Btu/hr-.ftz. Before a long-term run can be made with
the test facility, various orifice plates, additional coolers, and a tempera-
ture recorder of greater range than currently exists must be installed.

The long-term run should begin during the next month.
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IV. NUCLEAR SAYETY

A. Reactor Kinetics

1. Irradiated Fast Reactor Oxide Fuel Pins

The development of mixed oxide fuel has a high priority because
of the promise of achieving high burnup at high operating temperatures
with this material in fast reactors. However, the state of knowledge of
oxide behavior under accident conditions is presently well below that
available for the EBR-II Mark-I metallic fuel. Some of the questions
relating to the safety of fast reactor oxide fuel include:

(a) What fuel movements can occur short of actual failure that
could cause serious rates of reactivity increase?

b) Can fuel slumping occur rapidly and coherently?

¢) Can other types of physical movements occur?

d) What are the mechanisms of fuel failure?

) What forces influence the fuel movements?

f) What dominant mechanisms affect coolant pressures?
)

What roles are played by fission gases and the structural
changes resulting from irradiation of the fuel?

The behavior of fast reactor-type (gas-bonded), EBR-II-size UO,
pins under transient nuclear heating to failure has been studied in TREAT
experirnents.12 The tests were conducted with samples contained in an inert
gas atmosphere. Cladding thermocouples and high-speed motion-picture
photography were used to follow the pin behavior. The general pattern of
results was consistent with the physical properties of the oxide. Since the
experiments were primarily to investigate phenomena associated with
fast reactor oxide fuel under accident conditions, (U+ Pu)O, was not used,
nor were studied the effects of appreciable steady-state irradiation, such
as fission gas trapped in the fuel structure, fission gas buildup inside the
cladding, and formation of central voids or other structural changes.

Ten steady-state-irradiation capsules, each containing two steel-
clad, gas-bonded half-length EBR-II-size UO, pins have been irradiated
in the Materials Testing Reactor (see Progress Report for April 1965,
ANL-7045, p. 65). The fuel was 93% dense, and had a ratio of oxygen to
uranium of 2.00. These are the first fast reactor oxide fuel samples to
be irradiated to appreciable burnup in the ANI. Fast Reactor Safety pro-
gram. The first seven capsules have been removed from the testing

YDickerman, C. E, et al., ANL-6845 (Jan 1965).
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reactor and disassembled in the ANL hot lab. They cover a range of nom-
inal burnups of 0.7 to 3 a/o. The remaining three capsules are scheduled
to reach 6 a/o burnup. Maximum calculated fuel temperature was 2330°C,
although the actual maximum in each pin would be expected to change during
irradiation with position, fuel burnup, and changes of fuel structure. Visual
examination disclosed no failures in the 14 pins, nor visible cladding defor-
mations. Spot checks of cladding dimensions on each of the pins with a
micrometer showed that cladding outer diameters were unchanged. The
Al-0.1 w/o Co monitor wires which were wrapped around the specimens
during the irradiation will be radiochemically analysed. Neutron radio-
graphs have been taken, using the Juggernaut reactor, in order to determine
the internal structure of the pins. (This is necessary for those pins to be
run in TREAT if the pretransient structure is to be known.) In the case of
control specimens to be destructively examined, radiography is necessary
for direct comparison against the TREAT pins and in case of possible
structural damage during disassembly.

Significant structural changes, indicating that exposure levels were
in the range specified, are seen in the neutron radiographs. Figure 26
shows seven of the pins. Central voids are clearly visible. Some lateral
cracking has occurred, but the pellet-pellet interfaces are not as prominent
as the cracks.

Fig. 26. Neutron Radiographs of a Portion of Irradiated Oxide Specimens,
Showing the Typical Post-irradiation Internal Structure

Because of the relative lack of detailed information on this type of
oxide fuel pin irradiated at high power ratings, one pin from each two-pin
capsule is scheduled for destructive, detailed examination as a control
specimen. Coarse gamma-ray scanning at l-cm intervals over the fuel
lengths were made. Continuous gamma scans are also being made.
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2. Fast Reactor Safety

a. Coolant (Water) Expulsion Studies. The maximum energy input
rate of the system has been reached (about 110 kW) and other parameters
are now being studied, notably the annular gap.

The correlations of a large mass of data now available, are
still inchoate. Several high-speed motion pictures have been analyzed and
expulsion velocities of about 5 m/sec were observed.

The collection of data should be completed within two months
which will allow more emphasis on analysis and correlation.

b. Superheat Experiments. This experiment is designed to mea-
sure the degree of liquid superheat required to initiate nucleate boiling in
sodium under various conditions simulating a reactor envirovmmneut. Typical
parameters will be systernatically varied to detcrmine their independent and

combined effects upon the liquid superheat necessary to initiation nucleation:
pressure, dissolved gas content, heat flux, and surface characteristics.

Assembly of this experiment is underway. Four superheat test
vessels and the containment vessel have already been fabricated. Comple-
tion of assembly awaits the arrival of the high-temperature, fast-response
piezioelectric pressure transducer which is necessary for the measurement
of pressure transients during sudden void formation. Alsou, some of the
recording instrumentation for this experiment has not been received.

c. Sodium Expulsion Experiment. In this experiment, it is planncd
to investigate the mechanism of coolant expulsion in a simulated reactor

environment. Hence, this experiment includes the measurement of void
distribution, expulsion velocities, pressure transients, and liquid super-
heats during coolant expulsion.

A preliminary design evaluation of this sodium expulsion experi-
ment has been initiated. Preliminary drawings of the experimental appa-
ratus are being made.

d. Critical Flow Studies. Calculations of the progression of acci-
dents in sodium-cooled reactors reveal that critical flow may exist in the
core and lead to detrimental effects, such as voidage of the coolant channel,
shock phenomena, and pressure buildup.

The design and construction of experiments to study critical
flow of different fluids are continuing. Final design of the sodium loop and
the water loop to be used in the low-pressure region (0-15 psia) has been
completed. Fabrication of individual components for the loops and layout
of the instrumentation have been initiated.



3. Containment Program

A literature survey has uncovered a number of computer programs,
mostly from Livermore Radiation Laboratory, which can be adopted to
reactor safety studies. These programs were originally developed for the
Plowshare program, but are sufficiently general to include arbitrary equa-
tions of state. The one-dimensional codes handle material behavior ranging
from pure elastic up through the high-pressure hydrodynamic region. In
addition, mechanisms such as crushing, compaction, and crack propagation
are included so that these programs can also be used in excursion studies.
The two-dimensional codes handle only the elastic-plastic, plastic, or hydro-
dynamic phases. These programs will be adapted to the Argonne computers.

By use of a new finite Hankel transform, the following problems
have been solved:

a. the radial vibration of an infinitely long, thick, elastic circular
shell when the surfaces have tractions which are arbitrary
functions of time;

b. radially symmetric vibrations of a thick, elastic spherical shell
with surface tractions as in (a);

c. extension of (a) and (b) to the case of N concentric shells.
This corresponds to the containment idea of multiple regions
for protection.

The solutions were obtained in closed form. However, before any numerical
results can be obtained, the frequency equations must be solved so that the
displacements and stresses can be calculated.

B. TREAT
1. Operations

A sample of prototype SEFOR fuel that had previously been irradiated
to a burnup of 10 MWd/ton was subjected to seven transient irradiations for
the General Electric Company.

Two metal-water reaction samples (CEN-218 and CEN-219), consist-
ing of four Zircaloy-2 clad, vibratory-compacted UO, rods, were irradiated
in room temperature water. These are the first metal-water reaction ex-
periments run in TREAT with vibratory-compacted UO,.

Two metal-water reaction experiments were run in transparent
capsules to obtain photographic data on the behavior of aluminum- clad,
plate-type fuel elements when they are heated above the melting point of
aluminum prior to contact with water. One sample was’ aluminum-uranium
alloy of the SPERT 1-D type, and the other was an HFIR-type cermet plate.
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A total of eleven transients were run to test.the transient: character—
istics of samples of a rocket reactor fuel being developed by Argonne

2. Large TREAT Loop

The contractor completed installing insulation on the heated systems
in the sodium equipment room. Interconnection of the electrical heaters
is in progress. '

Reassessment of the damage to the sodium-filling tank (see Progress
Report for January 1966, ANL-7152, p. 90) indicated that the tank is usable
and will be available for filling the TREAT system when required. ‘

C. Chemical and Associated Energy-transfer
Problems in Reactor Safety

1. Metal-Water Reactions

a. Scale-up Metal-Water Experiments in TREAT with UO,-core
Fuel Clusters. An experiment has been performed in TREAT in which

three Zircaloy-2-clad, UO,-core fuel pins were melted while suspended
above a pool of water. The purpose of this experiment was to simulate
certain aspects of a loss-of-coolant accident in which a break in a primary-
system water pipe of a nuclear power reactor would result in the fuel ele-
ments being left in contact with steam at high temperature. (A calculational
study estimating the extent of the subsequent cladding-water reaction was
reported in the Progress Report for April 1965, ANL-7045, pp. 67-69.)

The experimental assembly used was that previously described
for scale-up experiments (see Progress Report for November 1964,
ANL-6977, p. 83). However, the experiment differed from the previous UO,-
core, scale-up transients which simulated power excursion incidents (see
Progress Report for September 1965, ANL-7105, p. 81) as follows:

(1) The fuel cluster consisted of 3 pins (of 0.42-in. dia.by’ 52 in
long) rather than 9.

(2) The pins were located above a pool of water rather than sub-
merged in it. ‘

(3) The meltdown was achieved durmg a "flat-top" transient rather
than a pulse.!?

13In the "flat-top" transient, fission heating remaine'd'r'easonably. constant
over a period of about 12 sec. In a’'pulsed transient, the time scale for..
heating is about 1 sec, with a Gaussian-shaped power-time heating curve.



The results of this experiment are summarized in Table XX.
In this meltdown, 38 W/O of the fuel cluster dropped into the water, although ‘
the larger particles tended to be retained above the water by the autoclave
supporting structure. (Table XX shows that a smaller average particle
size of the residue was collected in the water compared with that of the resi-
due remaining above the water.). The extent of cladding-water reaction was
40% as determined by the total amount of hydrogen released; however, it
was not apparent that cladding which dropped into the water had more ex-
tensively reacted than the cladding which remained on the supporting struc-
ture. All of the hydrogen produced was assumed to be formed by reaction
of the Zircaloy cladding. The reaction of the UO, core with water would be

TABLE XX. Results from In-pile (TREAT) Meltdown
Experiment CEN-217-5: UO,-core Zircaloy-2-clad
Fuel Cluster Subjected to Flat-top Transient

Fuel Cluster

No. of Pins? 3
CladdingP Zircaloy-2
Weight, g : : 336°€
Transient .
Type of Incident Simulatedd ~ Loss of Coolant
Fission Energy Input, cal/g UO, 560
Time of Heating, sec 12
Peak Adiabatic UO, Temperature, °C 3300
' (vapor region)
Results
Metal-Water Reaction, % 40 -
Peak Pressure Rise, psi 87
Chemical Energy Release, % of Total Energy 26
Average Particle Size of Residue (dgv),% mils
Residue remaining above water 240
Recsiduc in water : . 50
Total residue 91
Appearance of Fuel after Meltdown Complete destruction;

molten UO, ran out,
leaving sections of
hollow cylinders of
the Zircaloy cladding.

aTen pellets of UO, (10% enriched with U?*%) per pin. Overall pin dimen-
sions were 0.42 in. in diameter by 5-:— in. long.

b25-mil-thick cladding; 3-mil gap between core and cladding; helium
bonded.

€254 g of UO, and 82 g of Zircaloy-2.

dThe fuel pins were suspended above ambient temperature water.

s0id]

Zn;d}

td =
sV

where n; = number of particles with diameter d;.
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expected to become significant only after the cladding was completely ox-
idized, since the presence of excess hydrogen greatly suppresses the UO,-
water reaction. The chemical energy contributed by the reaction corre-
sponded to 26% of the total energy (i.e., the contribution of the nuclear
energy of the transient was 74%).

The oscillograph records of the temperature and pressure mea-
surements from the experiment are shown in Fig. 27. The sequence of
events deduced from the figure and from the appearance of the residue may
be summarized as follows:

Time Energy Input

(sec) (cal/g UO,) Event
0 0o Initiation of fission heating.
7 360 Thermocouple on the Zircaloy cladding records

2430°C and fails, indicating that fuel slumping
has begun.

~8.2 480 Pressure rises rapidly owing to the formation of
steam and/or evolution of hydrogen, indicating
that fragments of fuel are probably entering the
water.

~9.3 500 Thermocouple in the water records rapid temper-
ature rise, indicating that the fuel has made con-
tact with the thermocouple (temperature recorded
in excess of 1000°C).

ol

12 560 End of heating; pressure rises only very slowly,
indicating end of the reaction.

2500 w2 o onro m Jeoo One of the most interesting and

T N ' possibly significant points in connection
with this experiment was the final appear-
ance of the meltdown residue. This was
the first time that portions of the cladding
were found still in their original cylindri-
cal form, but with the UO, core not pres-
ent. Evidently,-the UO, had melted and
flowed out of the cladding. A photograph
of the major portion of the residue is
shown in Fig. 28. The observed extent
of zirconium-water reaction agrees well
with the previously published correlation
from meltdown experiments in TREAT in
which the fuel pins were submerged in
water (see Progress Report for Septem-
Fig. 27. Oscillograph Record of TREAT ber 1965, ANL-7105, p. 81).

Transient CEN-217S

2000

1500 |-

TEMPERATURE, °C

1000
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Fig. 28. Residue from Zircaloy-clad, UOg-core Fuel Pins after TREAT Transient
Simulating a Loss-of-coolant Incident

Since the energy developed in this experiment (560 cal/g U0,)
was high enough to vaporize the UO, adiabatically and the time scale (12 sec)
was relatively short, the experiment was not an exact simulation of a loss-
of-coolant accident. Therefore the extent of reaction is not directly com-
parable to what might be expected in such a situation. Nevertheless, the
residue shown in Fig. 28 gives some indication of the meltdown model that
must be considered in the analysis of this type of incident.

D. Plutonium Volatility Safety

1. Environmental Contamination Control

A program has been established to investigate various aspects of
environmental contamination control as related to the reprocessing of reac-
tor fuel materials by fluoride volatility techniques. Several experimental
programs which are already under way are related to this study. These
programs involve the study of the removal of plutonium hexafluoride from
cell exhaust air by hydrolysis and filtration, and bench-scale fluid-bed
studies with irradiated fuel materials. In the studies with irradiated fuels,
particular attention is directed toward obtaining information related to the
behavior of volatile fission product species in process-gas streams. Other
investigations which have been recently started are concerned with the de-
velopment of systems for the effective removal of fluorine, interhalogens,
and hydrogen fluoride from process ott-gas streams, and studies related to
the chemistry of tellurium fluorides, particularly the removal of tellurium
hexafluoride from gas streams by reaction with activated alumina or soda
lime.
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