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FOREWORD

The Experimental Beryllium Oxide Keactor (EBOR) Program,
formerly the Maritime Gas-cooled Reactor (MGCR) Program, was initiated
February 17, 1958, under Contract AT(04-3)-187 between the U. S. Atomic
Energy Commission—Maritime Administration and General Dynamics
Corporation. In December of 1960, formal authorization was received to
reorient the program to include as an intermediate stage the design, con-
struction, and test operation of a 10-Mw(t) reactor experiment for the
purpose of determining the operating characteristics of BeO-moderated,
gas-cooled systems and of lending greater assurance of success to the
subsequent prototype plant. This reactor experiment is known as the
Experimental Beryllium Oxide Reactor. The over-all project responsibility
is assigned to the General Atomic Division of General Dynamics Corporation,
and the project is being carried out by a staff of technical personnel from
General Atomic. '

""" 'The objective of the EBOR program is to develop a gas-cooled, BeO-
moderated reactor which can be used in conjunction with a closed-cycle gas
turbine or a steam cycle for a small land-based or a maritime
power plant. Design objectives for the power plant are high thermodynamic
efficiency, simplicity of design with attendant ease of operation, low main-
tenance costs, and maximum efficiency of operation over a wide range of
power settings.
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SUMMARY

REACTOR DEVELOPMENT

During the present reporting period, a series of steady-state and
transient thermal stress tests on BeO moderator blocks was completed.
In general, there was excellent correlation between the modulus-of-rupture
values for the material tested and the stresses which caused failure.

The problem of preventing possible interlocking of adjacent fuel
elements because of rotation of BeO moderator blocks during operation has
been studied. As a result, the moderator-block design has been slightly
altered to incorporate BeO dowels which will prevent such rotation. A
honeycomb-type structure was selected for the blades of the cruciform
control element in preference to the previously favored tube-type design,
primarily because of the better dimensional control associated with the
honeycomb design.

The life-cycling tests of the control-rod drives were completed after
five life cycles--the equivalent of ten years of reactor operation--with the
drives still functioning satisfactorily. Changes prompted by the experiences
gained in the environmental testing, and those resulting from the change
in the fuel-handling concept, have been incorporated into the control-rod-
drive production drawings. ‘

The core component handling concept has been developed to the
degree that the equipment specifications for modification of the STF instru-
ment bridge and for fabrication of the portablc shield shutter and the core-
component transfer cask have been released for procurement action.

The essential design of the instrument conduits and their anchors

has been completed, and a purchase equipment specification has been pre-
pared for use by the architect-engineer in procuring these components.

REACTOR PHYSICS

The experimental program on dry-core critical assemblies resem-
bling the EBOR in composition and complexity was initiated following
completion of the new critical-assembly building. Criticality was achieved
in the first core of the series on January 12, 1962, A sumruary of the
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experimental results obtained to date, an analysis of these results, and
their correlations with respect to EBOR nuclear design are presented in
this report. As in the previous series of experiments, excellent agree-
ment between experimental results and analytical predictions is indicated.

The dévelopment of methods and analytical techniques for the solution .
of static EBOR physic¢cs problems has been essentially completed. Minor
modifications were made to a few codes in order to assure their compati-
bility with General Atomic's IBM-7090, which has recently been placed in
operation.

A detailed temperature-coefficient study for the EBOR has been
completed. This study, in which temperature increments in various com-
ponents of the heterogeneous core were considered as a function of time,
revealed a fairly strong prompt negative coefficient due to fuel-pin heating,
a small but negative delayed coefficient due to core moderator heating, and
a positive delayed coefficient due to reflector heating. Several other cal-
culations pertaininhg to the nuclear design of the EBOR were initiated during
the quarter, and the results to date are summavrizcd in this report.

In the reactor-physics effort supporting the EBOR nuclear design, a
reactivity calculation of one of the highly loaded, uranium—beryllium oxide,
bare, critical assemblies constructed at Livermore was completed. This
-calculation, in which essentially the same data and analytical techniques
were used as were employed in EBOKR calculations, verified the adequacy
of our present methods. In addition, crystalline scattering kernels [ur
beryllium vxide were calculated and incorporated into our compilation
of data. An effort was also begun on Lhe calculation of U235 resonance
absorption with the resonance-theory prescriptions outlined by L. W.
Nordheim and generally used for U238 resonance absorption.

Work has been completed on the calculation of flux-depression and
spectra data for the MGCR-2 capsule tn be irradiated in the General
Electric Test Reactor (GFETR), and similar calculations fuir the MGCR-7
capsule to be irradiated in the Westinghouse Testing Reactor (WTR) are
nearing completion. The results of these calculations are summarized
in this report.

MATERIALS DEVELOPMENT

Work on the development of BeO-coated BeO-UO, fuel compacts
was resumed during the quarter.

The irradiation of the MGCR-4 and MGCR-BRR-9 fuel capsules
was continued in the Materials Test Reactor (MTR). Peak fuel-cladding
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. surface temperatures of approximately 1640°F and 1600°F, respectively,

are being maintained for the MGCR-4 and the MGCR-BRR-9.

The fabrication of BeO specimens for the MGCR-2 capsule has been
completed at General Atomic, and the specimens are being ground. to.the
required finished dimensions by a vendor. The thermal diffusivities of
the capsule and the control specimens are being measured.

The MGCR-7 capsule for the irradiation of control-rod absorber
materials has been completed. A refined strain-gauge technique for
measuring the residual strain in the cladding of creep-shrunk fuel pins
was developed. The results of measurements obtained with this technique
indicate that a stress of approximately 28, 600 psi is introduced as a result
of the creep-shrink operation.

The initial results of self-welding studies indicate that at a tempera-
ture of 1200°F and a contact pressure . of 100 psi, A-212B carbon steel
" exhibits significant self-welding after 100 hr in helium, while 18/18 stain-
less steel bonds toitsclf after 100 hr at 1500°F and a contact pressure of
500 psi.

The initial test results from the fission-product plateout study indi-
cate that the plateout of iodine is roughly inversely proportional to the
absolute temperature. This plateout appears to be relatively insensitive
to the nature of the substrate materials that have been studied (304 stain-
less steel, SA-387B low-alloy steel, and AISI 1030 carbon steel).
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TENTATIVE EBOR DATA SHEET

Site
Location .. .. .. .. ... ... .... e e e, NRTS, Idaho

Operating Data

Reactor thermal power, Mw . . . ... .. .... ... 10
Reactor heat flux (max.), Btu/(hr)(ft%) . . ... ... 210, 000
Reactor heat flux (avg.), Btu/(hr)(ft2) ... .. ... 77, 100
Reactor inlet coolant pressure; psia e 1117
Reactor outlet coolant pressure, psia ..., .. - .. 1085
Reactor inlet coolant temperature, Fc‘) ........ 750
Reactor outlet coolant temperature, F. . ORI 1300
Maximum cladding temperature (hot spot), F ... 1500
Coolant mass flow rate (through core), lb/sec ... 13.88
Coolant maximum velocity, ft/sec . ... .. .. ... 240

Reactor Pressure Vessel

Inside diameter, in. . . ... .. e e 116
Inside height, in. . . ... ... ... ..... e 280 :
Total weight of pressure vessel and internals, 1b . 440, 000

Reactor Core

Approximate dimensions, in. . .. .. .. PP 23.3 X 23.3x 76.0
. . 4 high .
- Reflector thickness, in. BeO . .. ... ... .. .. T
Number of fuel elements . . . - « v v v v v v v v 36
Number of control'rods . . . . . . . . . . . .. .. ... 4
Loadings, kg :
35 100
U238 ........ e e e e e e e e e e e e e e e e e e e 60
Be:U%3% atom ratio . . . . ...... PP B I
Composition (with fuel element in core), vol-% '
UO2-BeO fuel compacts . .. .. ... ........ 11. 8
Cladding and spacers . . . ... ... e e 3.0
Shroud .. ...... e e e 0.6
Fuel cooling void . . .. .. .. . .. e .. ..,... 11.0
Instrument tube and void . . . .. ... .. .. . .6
Moderator spine and outer block . .. ....... 63. 6
’ 4

Outer spacing gap - - . - - « . .. oo oL 8.
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Fuel Element (annular ring of rods)

Number of rods . . . . . ... . ... ... .. .. ... 18

Number of fueled rods . . . ... ... .. ........ 18

Rod outside diameter, in.. ... .. .. ... .. .. .. 0.375
Structural material . ... ... ... ... ... ... Hastelloy X
Amount of diluent (BeO) in fuel body, vol-% . . . .. 76.0
Fueled length, in. .. ... ... .... e e 76.0
Over-all length of assembly, in. ... ... ... ... 82.5
Design life at full power, hr . . . ... ... ... ... 10, 000
Burnup at end of life, Mw-day/tonof U .. ... .. 2 x 104 -

Nuclear Data
Core nuclear constants at operatmg temperatures

Median fission energy,'ev . . . ... .. ... ... 34
Age to indium resonance energy, em& ... ... 131
Infinite medium resonance-escape probabilities
to 2 ev '
Pog - oo e ‘0. 839
Piotal « oo v e e 0. 147
Reactivities (unrodded) ' - ‘
Hot, clean . . . . . .« v v v v v oo e 1. 05
-Cold, clean . . . . . . . ... e 1. 07
Control-rod worth, % &k/k _
Hot, clean reactor, all four rods ... . ... .. w25
Power distributions (normal) ' '
Axial maximum to average factor . .. . ... .. Lo 2.2
Radial maximum to average factor .. ....... 1.2

Core-element maximum to average factor . . ... . 1.03
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I. REACTOR DEVELOPMENT

CORE AND ASSOCIATED COMPONENTS (K. A. Trickett, R: W. Bean)

Research and Development (Task 07)

Heat-transfer Experiments (R. Katz, G. J. Malek)

The final phase of experiments for determining the friction and heat-
transfer correlations for the EBOR 18-pin fuel element has been started.
The purpose of this work is to extend existing information from the design-
point Reynolds number of about 20, 000 to a Reynolds number of approximately
2,000. Data thus obtained will be applicable to reactor operation at partial
power under shutdown or emergency cooling conditions. Tests with smooth
rods in the element have been completed, and tests with rods having helical
spacers are in progress,

A test is being initiated to determine the orifice coefficient for the
reflector element. This test will permit accurate sizing of the orifice
configuration for the EBOR so that the proper coolant flow will be directed
to the reflector elements, The work statement which outlines the program
and test procedures has been written, and work-is proceeding on the assembly
of the experimental apparatus.

BeO Thermal Stress Analysis (D. R. Buttemer)

Steady-state Thermal Stress Tests, The steady-state thermal stress
test series utilizing the EBOR mockup blocks (approximately 98 wt-% BeO,
0. 04 wt-% SiO,, 1.4 wt-% Al,03, and 0. 3 wt-% MgO) has been completed.
Since thc tests were conducted using step increases in the power level into
the blocks, the exact power (and corresponding stress level) at which
fracture occurred in each block is not known. However, by careful exami-
nation of the blocks at eachpower increment, the stress range within which
each fracture occurred was determined. These values, which are presented
in Table 1. 1, may be compared with an ayerage modulus of rupture of
17, 700 psi obtained at General Atomic(1) for specimens of the same com-
position at a comparable temperature. The generally excellent correlation
shows that, for the geometry tested, modulus of rupture is an acceptable
strength criterion for thermal loading. Testing will be continued during
the next reporting period on blocks containing a 1 wt-% bentonite additive.

—

0

“References are listed at the end of each section.
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Table 1.1

RESULTS OF STEADY-STATE BeO THERMAL STRESS TESTS
ON EBOR MOCKUP BLOCKS

Maximum Tensile Thermal Stress Developed

Test Before Fracture After Fracture
Block (psi) {psi)

C 15, 000 16, 500

D 14,300 ) 16, 200

E 17,500 (=)

F. 18,900 (5)
) G 17, 700 v 18, 600

Speu;uens werc not fractured owing to hmltatlonq
of the test facility. "

A brief description of the test setup and the calculational method is
given in the previous quarterly progress report. (2) '

BeO Quench Tests. Quench tests of the square-annular beryllia blocks
of EBOR mockup composition have been completed. These tests have as
their objective the specification of the allowable temperature difference
between the beryllia in a spent core element and the storage-pool water such
that additional damage to the beryllia will not occur during handling prior
to examination, '

To provide close control of the water temperature during the test,
boiling water was used for the quench., The test results, including the
initial block temperature foi which cracking was naotad and the temperature
at which complete fracture occurred, are summarized in Fig. 1.1 for each
of the eight blocks tested. In each case, the initial temperature dlfference
hetween the block and the water may be obtained by subtracting 212 °F from
the initial block temperature. The average temperature difference for
which cracking occurred was found to be 152 F and the minimum d1fference
was found to be 128°F. The maximum thermal stress for the 152°F average
temperature difference was calculated to be 19, 800 psi tension. The
average measured modulus of rupture for the same blocks at room tempera-
ture is 18, 600 psi, (1) '

Two additional tests were conducted using quench water at room
temperature The results were inconclusive, primarily because of the
small heat capacity of the Lest apparatus, which resnlted in a significant
change in the quench-water temperature during the test. Since the storage
pool will be an essentially infinite heat sink, ‘the test conditions were con-
sidered to be so unrealistic that further tests to determine the effect of
using subcooled water have been temporarily discontinued.
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Further testing using boiling quench water and blocks containing a
1 wt-% bentonite additive are planned for the next reporting period. Prelim-
inary results from two such tests already completed g1ve an initial block
temperature for cracking of 400°F--an increase of 36 F over the average
obtained with blocks of the previous mockup composition.

Core-element Flow and Dynamic Test (R. Katz, G. P. Young)

A flow and dynamic test for the EBOR core element has been initiated.
The purpose of the test is twofold: the first phase will be a flow test which
will yield data on the core-element orifice coefficient, inlet and exit
pressure losses, and over-all pressure drop; the second phase will determine
the flow-induced vibration characteristics of the element under conditions
simulating reactor operation.

The element used for these tests will be the second full-scale mockup,
which is currently nearing ¢completion. The test stand for the element
(see Fig. 1.2) has been designed and fabricated, All necessary equipment
for the flow-test phase is on hand and is being assembled into the test stand.
During the flow tests, a second oct of fuel rods (obtained from the first
mockup) will be instrumented with strain gauges for vibration: measutre-
ments so as to be ready for installation in the test element after completion
of the flow teésts, This procedure eliminates from the flow tests the
perturbing effects of the strain-gauge instrumentation.

Seal-ring Leakage Test (G. J, Malek)

Seal rings are used with the core and reflector elements of the EBOR
to preveut bypass leakage of the coolant gas. An experiment has been
designed to demonstirate the suitahility of the basic ring design and to
determine the optimum combination of rings for minimum leakage. Tests
will be performed with a1r as the working fluid and with the rings main-
tained at 850 F and 1000° F, which are the inlet temperatures corresponding
to the two reactor outlet gas temperatures, 1300°F and 1500° F, respectively.
The test variables will include the following:

1. Ring material--Hastelloy C and Type 420 stainless steel.

2. Number of rings--two rings and three rings.

3. Ring arrangement--rings installed in single grooves and rings
installed in douhle grooves.

Leakage determinations will be made by the time-pressure decay method
for the various ring combinations subjected to pressure differentials up to
35 psi and with thc discharge pressure equal to atmospheric pressure.

The test rings have been procured and the test fixture is being fabri-
cated. It is anticipated that testing will begin shortly.
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Design for Construction (Tasks 27, 29, 54)

Thermal Performance (R. Katz, G. J. Malek)

A detailed evaluation has been made of the effect on core thermal
performance of the core-element flow control orifice over the available
range of orifice openings. As a result of this evaluation, the positioning
device has been redesigned to permit finer adjustment in the low flow
range (discussed below under '"Design' under "Core and Reflector Elements'").

A transient code for the IBM-7090 is being developed for the purpouse
of determining the core-element component temperatures during transient
operating conditions. Included in the code will be provisions for determining
the component temperatures as a function of variations in power, coolant
flow, and coolant inlet temperature. The effects of transient conditions
such as start-up, scram, and normal power changes will be analyzed.

Core and Reflector Elements (T. B. Pearson, G. J. Malek, D. R.
Buttemer)
Design. A design study of various methods for preventing rotation
of the BeO square-annular blocks in the core- and reflector-element assem-
blies has been completed. The antirotation device selected mechanically
prevents angular block movement during reactor operation and during
removal and replacement of elements.

The design criteria established for the antirotation device were that
it (1) must prevent block rotation to the extent thal interlocking of adjacent
elements cannot occur, (2) must not result in a major increase in BecO cost,
(3) must not result in a major change in design, and (4) must not significantly
affect core physics.

The various antirotation devices considered were as follows:

1. Roof topping, in which the upper and lower surfaces of the block
are shaped in a manner to prevent relative block rotation or
translation.

2. A metallic barrier, consisting of angle bars located at opposite
corners of the element and extendiug the full length of the element.

3. Dowels attaching adjacent blocks to each other.

Of the three alternatives, roof topping and the metallic barrier were rejected
because of the BeO cost increment and added poison, respectively, and
dowels were selected as offering the best compromise among the several
design criteria. Dowelling will be accomplished by locating two through
holes on one diagonal of the block, each approximately midway between the
central hole and the corner. This location was selected to put the holes in

a low compressive-stress field so as to minimize the effects of the resulting
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stress concentration (see ''Structural Analysis' below). The dowel material
will be BeO.

An evaluation of the bids on the BeO moderator and reflector blocks
has resulted in redesign in several areas in order to reduce costs:

1. A probable change in reference composition from a 1 wt-% bentonite
additive to a 1% alkaline earth aluminum silicate additive.

2. Combining of the reflector-element spine and sleeve into an
enlarged spine, thus eliminating two machined surfaces.

3. Relaxation of the square-annular-block hole tolerance to the
as-fired tolerance (£1/2% on the diameter) in the reflector only,
where the heating rates are relatively low.

The core-element variable inlet orifice has been redesigned to provide
finer adjustment in the low flow range and, additionally, to reduce costs.
Changes introduced were (1) elimination of the spring-loaded-ratchet
arrangement and the valve-sleeve serrations, and substitution of a setscrew
or a clamping device which is infinitely variable, and (2) use of round
orifice holes in the valve sleeve operating in conjunction with rectangular
holes in the nozzle body. This arrangement results in a slight reduction
in adjustment sensitivity for the smaller openings and eliminates completely
the fixed incremental settings attendant upon the ratchet arrangement.

Structural Analysis (Steady-state Thermal Stress Analysis of Square-
annular BeO Block). The tangential-stress intensity at the inside surface
of a dowel hole in the square-annular block has been calculated. The dowel-
hole location is shown in Fig. 1.3. By locating the holes in a compressive-
stress field, the tangential stresses around the hole are held to a maximum
of 5240 psi and are everywhere compressive. These stresses are not
expected to result in any damage to the block and do not impose limitations
on the design.

Control Element (N. H. Davison, G. P. Young)

Design. The drawings and specifications for the cruciform control
element have been completed and released for element fabrication.

The design selected (see Figs. 1.4 and 1.5) consists of a Hastelloy X
square-lattice structure containing reclangular tiles composed of Dy203 in
Al,03. Hastelloy X facing sheets on each side of the blade retain the tiles
in position within the structure and protect them against damage. Thesec
facing sheets are butt-welded to each of the longitudinal stringers in the
lattice framework and are spot-welded Lo the horizontal stringers. Each
facing sheet contains a drilled hole near the bofttom of cach cell to equalize
the control-element internal pressure with system pressure. The active
section of the element is of a sufficient length that the active section of the
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Fig. 1.3--Lucation of dowel holes in BeO block

core remains covered with the rod in the normal full-in posilivn or in the
disconnected position,

Square-gusset plales containing multiple lightning holes are provided
at the top of each blade to support the central column against axial-buckling
loads and to continue the smooth blade surface through the top-reflector
region regardless of rod position. Two longitudinal spacer strips on each
blade face ensure a minimum gap for coolant flow for all conditions of
operation,

The top of the central Hastlelloy X column terminates in a cruciform-
shaped spherical segment which engages the disconnect on the drive line
shafting.

The selection of a honeycomb design in preference to the previously
favored rod-type reference design was based on the following factors:

1. Improved dimensional control during fabrication afforded by the
honeycomb design.
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2. The smooth exterior surface of the honeycomb assembly, giving
maximum assurance against interference with other core
components,

3. Removal of the requirement that the absorber tiles be sealed
against the reactor environment, which gave the tubular design
its principal advantage,

Structural Analysis. The structural performance of the control
element was investigated to determine the maximum axial loads the element
could withstand and the mechanism by which failure would occur if these
loads were exceeded., The maximum allowable tensile and in-line compressive
load was found to be 11,760 1b based on an allowable stress of 19,600 psi,
the proportional limit for Hastelloy X at 1,500°F. If the control element
were to be supported at the corner of one blade, the maximum allowable
compressive load would be 4,680 lb--a reduction from the in-line case
owing to the eccentricity of the load application. In bcth cases, the unsup-
ported length of the central column was found to be limiting,

Core Top Support Plates (G. J. Malek)

Thermal Analysis. An analysis was made to determine the cooling
requirements and temperature distribution for the core top support plates
(shown schematically in Fig, 1.6). Two conditions corresponding to the
1300°F and 1500°F gas outlet temperatures at 10-Mw steady-state power
were analyzed. For purposes of the analysis, a typical cell for the top
plates was described by a hollow cylinder as shown in Fig. 1.6. This model
is considered justifiable hecause of the many perforations in the top plates,
which tend to distribute thc mass uniformly around each core element. Ip
the less perforated areas of the top plates (near the outer periphery of the
core), the plates were treated as square-annular blocks, (3)

The results of the analysis indicale that adequate cooling of the plates
is available at two surfaces: (1) at the upper surface, by natural convection
and thermal radiation, and (2) at the inner cylindrical surface, by conduction
to the core element, which in turn is cooled by forced convection by the
exhaust gas., The over-all heat-transfer coefficients for the upper and
inner surfaces were calculated to be 27.6 and 113 Btu/(hr)(ft2), respectively.
The results of the thermal analysis can be summarized as follows:

2l
Temperature Gradient { F)

Radial AT in a typical segment of
the holloWireyHnder . o o « e = ke bot oo o 12
Radial AT to the corner of the
squaregannular segment . .U s o« s 8 e
BRiBL BT S flos o #er 400508 bsi fsps 11
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and reflector
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by & hollow cylinder by a sguare-annular seglos

Fig. 1.6 -Core top support plates, plan view
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PRESSURE VESSEL AND ASSOCIATED COMPONENTS (K. A. Trickett,
C. O. Peinado)
Research and Development (Task 08) (C, O, Peinado, V. H, Pierce)

In order to complete the design of the EBOR pressure-vessel com-
ponents and ensure their safe operation within design temperatures, it is
necessary to ensure that the components are adequately cooled. Component
cooling is dependent on the development of an adequate surface heat-transfer
coefficient, which in turn depends on the local coolant vclocity and, therefore,
on the distribution of the coolant within the coolant passages., Accurate
prediction of coolant distribution within the passages cannot be accomplished
by analytical methods alone because of the dependence of the coolant distri-
bution on the location of the inlet nozzle and on the variation of the coolant-
channel size with the longitudinal and circumferential co-ordinates. There-
fore, it is proposed that the adequacy of the cooling be determined experi-
mentally through the use of a flow model. The model would be a reduced
scale model of the EBOR pressure-vessel components shown in Fig. 1,22
of the previous quarterly progress report, (2)

The flow-model test would yield experimentally: (1) a visual record
of the coolant-flow direction at longitudinal and circumferential positions
along the passages, (2) a determination of the spiral baffle design for
adequate coolant distribution within the inlet region, (3) a dcterinination of
the orifice sizes for proper flow split between passages, (4) differential-
pressure data throughout the model, and (5) the flow distribution of the final
geometry for the predicted reactor operating range. A test specification
to cover this work is now being written for use in obtaining bids and awarding
a contract,

Design for Construction (Task 52) (C. O, Peinado, V. H. Pierce)

Vendor Engineering

The equipment specification for the pressure vessel and internals
was revised to incorporate the changes (listed on page 34 of the previous
quarterly progress report(z)) which resulted from a change in the fuel-
handling concept. Invitations to bid were extended to cight pressure-vessel
vendors, and three bids were received from which a vendor will be selected,
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General Atomic Engineering — Review of Phase I Analysis

Additional results obtained from the PACECO Phase I analysis of the
predicted-pressure-drop data for the EBOR pressure-vessel design made
prior to the fuel-handling modification are shown in Fig, 1.7. These data
are based on a coolant distribution between the main inlet nozzle and the
reactor top head of 30% and 70%, respectively, and a total mass flow of
15.6 1lb/sec. Within the reactor coolant passages above the main nozzle,

a flow distribution of 70% to the inner passage (between the thermal shield
and the core barrel) and 30% to the outer passage (between the pressure
vessel and the thermal shield) would be necessary. The internal flow split
would be accomplished by the flow-split ring on the top edge of the thermal-
shield top head. The coolant from these two passages is combined at the
primary flange, Below this flange, the flow split is accomplished by the
wedge -shaped top edges of the thermal-shield shell. These wedges are
arranged so as to direct the coolant below the primary flange to either the
inner passage or the outer passage as required for the flow split., The
coolant from the main nozzle is added Lu thc system at the upper shell region
of the reactor. A flow split of 70% and 30% between the inner and outer
channels would be required in the lower reactor shell region. The total
coolant is combined in the bottom head and is passed to the unused core
supports or the core supports of the EBOR core as required,

The pressure drop across thie core-snpport riser (see Fig, 1,7) was
calculated for the EBOR central core-support risers, which carry the
maximum coolant of 1, 57 lb/sec to the core. From these data a conserv-
ative maximum pressure drop from the reactor inlet to the core inlet was
predicted to be 0, 2472 psi.

Several areas of the analysis are not complete or are lacking in detail
(see Fig. 1.8):

Area A The centerline temperature distribution of the core-barrel
seal plate and the thermal-shield flat head was not analyzed.

Area B: The pressure-drop analysis in the region of the flow-split
ring requires more detail,

Area C: The analysis of the pressure drop where the coolant from
the inner and outer passages combine and flow through the
core-barrel shell flange could not be checked owing Lu lack
of a sufficiently illustrated model. The pressure-drop
calculation for the redistribution of the coolant below the
flange to the inner and outer passages requires more detail.
In addition, the analysis of the core-barrel shell tempera-
ture for a coolant dead spot between holes in the core-barrel
shell flange requires more explanation and model detail.

A similar calculation was not made for the pressure-
vessel shell in this region,
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Fig. 1.8--Pressure-vessel areas requiring additional analysis
(areas are marked A through G)
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Area D; The effect of the coolant entering at the main nozzle was
not analyzed. Provision for maintaining a 70% and 30%
coolant distribution between the inner and outer passages
below the main nozzle has not been made. An analysis of
the coolant distribution and resulting temperature variation
circumferentially from top to bottom at the outlet nozzle
was not reported,

Area E: The temperatures of the pressure vessel and the core barrel
at the lower end of the thermal shield were not analyzed.

Area F: The temperature level and heat load of the core-barrel
bottom head was not taken into account in the analysis of the
core lower support riser.

Area G: Thermal analysis of the core lower support risers under
the EBOR core was not reported,

In addition to these deficiencies in specific areas, several general
deficiencies were noted: (1) thermal analysis of the thermal shield was not
reported; (2) analysis of the effect of a coolant dead spot caused by coolant
maldistribution on the core barrel and pressure-vessel shell was not
reported; and (3) the effect of dimensional tolerances was not considered
in the analysis. Detailed comments on the deficiencies of the Phase I
analysis have been transmitted to PACECO for action. The analysis will
be reworked to incorporate changes in the design of the pressure vessel
and internals resulting from the change in the fuel-handling concept.

A summary of the results of the detailed stress analysis performed
by PACECO in the Phase I analysis is given in Fig. 1.9. This analysis
was based on the design conditions and allowable stresses given in Table 1. 2,
Included in Fig. 1.9 are the maximum peak stress intensities computed at
points of structural discontinuity. It can be seen that they are everywhere
less than the allowable stresses given in Table 1.2, The allowable membrane
stresses are those defined by the ASME Boiler and Pressure Vessel Code,
The allowable peak stresses are 90% of the yield strength or 60% of the
ultimate strength in tension, whichever is less when the temperature is
below the creep range for the material in question. In the creep range, the
allowable has been taken as equal to the allowable membrane stress defined
by the ASME Code.

Thermal Analysis of Core Support Grid

The preliminary thermal analysis of the core support grid (discussed
in the previous quarterly progress report(z)) has been completed. The
detailed results of this analysis show the maximum temperature of the
grid to be 87OOF, with a temperature variation of 40°F between parts of
the structure at the EBOR design condition,
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Table 1.2

DESIGN CONDITIONS AND ALLOWABLE STRESSES
FOR EBOR PRESSURE VESSEL AND INTERNALS

Allowable
Design Design ASTM Membrane Allowable
Pressure, p|Temp., T| Material |Stress, Sm|Peak Stress, Sp
Component (psi) (OF) Spec. (psi x 103) (psi X 103)
Pregsure 1250 850 |A-387B 14, 2 S RC R
%%
vessel 1250 850 . lA-336F2 14. 2 21. 4
Bolts 1250 850 |A-193B16 18. 75 45. 0t
Core 70 900 |A-387B 15, 1 18. 8"
support 70 900 |A-336F2 13. 1 18. 8™
Riser 70 1050 |A-240— 12. 2 Y
plate Type 316

o
90% of yield strength controlling.
160% of ultimate strength controlling.
**The design temperature is in the creep range for the material.

Instrumentation Conduits

The detail designs of the instrumentation conduits and anchor assem-
blies have been developed. The instrumentation conduits are shown in
Fig. 1.10. Six-inch, Schedule 80 seamless pipes of A-335P12 material
will be used for the sampling-tube and calibrating thermocouple-well con-
duits, and 8-in., Schedule 80 seamless pipe of A-335P12 material for the
thermocouple conduit. Each conduit will be fabricated in two parts: the
double-radius lower end, which attaches to the pressure-vessel nozzles,
and the vertical riser, which extends to the depressurizing junction box.

In arriving at the design for the instrumentation conduits, two concepts
were investigated. In one concept the weight of the conduit and instrumen-
tation was supported by the pressure-vessel instrumentation nozzles,
whereas in the other the weight was supported by an anchor. Common to
both concepts was freedumn of vertical movement and rotational movement
of the conduits, which result from the thermal movement of the concentric
duct, pressure vessel, and instrumentation conduits. The results of the
flexibility analysis of the instrumentation conduits are given in Table 1. 3.
Included in the table is the safety factor at the point of maximum stress,
based on a piping-code allowable stress of 21, 600 psi.

On the basis of these results, a decision was made to use constant
support anchors for all conduits. These constant support anchors (shown
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Table 1.3
FLEXIBILITY ANALYSIS OF INSTRUMENTATION CONDUITS

Without Anchor With Anchor
Location of Safety | Location of Safety
Conduit Max. Stress Factor | Max. Stress | Factor
Sampling-tube Anchor 0.6 Anchor 6.2
conduit
Thermocouple Pressure-vessel | 1.3 Anchor 7= 5
conduit nozzle
Calibrating Pressure-vessel | 1.8 Anchor Ieles0
thermocouple- nozzle
well conduit

in Figs. 1. 1la and 1. 11b)will support the weight of the conduits, instru-
mentation, and junctionT)oxes over the full vertical travel predicted for
the conduits. In conjunction with the constant supports, the horizontal
deflection of each conduit is resisted by the sleeve mounted on the upper
biological shield. The sleeve configuration is sized to allow axial move-
ment and torsional rotation of the conduit without binding.

The purchase equipment specifications for the instrumentation con-
duits and the anchor assemblies have been approved and released for
transmittal to the architect-engineer. A report on the flexibility analysis
of the instrumentation conduits and the anchors will be prepared.

CONTROL-ROD DRIVES (K. A. Trickett, B. C. Hawke)

Research and Development (Task 10) (B. C. Hawke, F. C. Dahms)

EBOR Experimental Control-rod-drive Mechanism

Life testing of the control-rod drives was continued in accordance
with the procedures outlined in the last quarterly report. (2) Testing was
concluded on completion of the fifth life cycle.

The five-life-cycle test comprised the following controul-rod-drive

operations:

1. 136,200 oszillations of approximately 1/8-in. amplitude. This
is equal to 272, 400 starts and stops of the positioning motor.

2. 150 fast insertion strokes of 10% full rod travel.

30 slow insertion strokes of 10% full rod travel.

4. 180 slow withdrawal stroukes of 10% full rod travel.

w
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5. 30 slow withdrawal strokes from the rod ''full-in'' position, con-
sisting of 5 each of 50%, 60%, 70%, 80%, 90%,and 100% full rod
travel.

(Operations 2 through 5 represent a total of 4, 000 in. of rod travel.)

6. 30 scrams from various positions of rod insertion.

Seventy-five additional scrams were performed for preliminary checkout
and to establish the reproducibility of scram characteristics. A series of
scrams was performed on completion of the fifth life cycle to determine
times for insertion of 5% rod worth from various positions of rod withdrawal.
These test results are plotted in Figs. 1. 12 through 1. 14.

The final phase of the fourth life cycle and all of the fifth life cycle
were run at maximum permissible loop pressure and temperature, 1i. e.,
1200 psig and 1200°F. On conclusion of the test program, the drive was
still functioning satisfactorily; a complete disassembly of the mechanism
will be made and all parts will be examined for wear and deterioration.

Control-rod-drive Environmental Test Facility

(2)

During the quarter, the improved water-cooled heater glands per-
formed satisfactorily, although a limitation was imposed on the maximum
temperature to which the autoclave could be raised owing to local tempera-
ture conditions of the Teflon insulation. The Teflon temperature was found
to be abuut 125°F at an autoclave temperature of IZOOOF, and it was not
considered safe to go higher for fear of jeopardizing the drive lest program.

Contamination of the helium gas (fruin frequent venting of the loop to
the atmosphere for repair work) resulted in oxidation of the flexible heater
connectors within the autoclave. Each connector was replaced wilth fuur
strands of 1/8-in. copper wire, and the entire gas inventory was purified
to a level of 7 to 10 ppm of total oxidizing impurities. Apart from further
ruptures of compressor diaphragms, the loop performed satisfactorily for
the remainder of the test program.

Design for Construction (Task 61) (B. C. Hawke)

Chaunges rcsulting from the latesl [uel-handling study, together with
those resulting from the envirommental test program, have been incorporated
in the production drawings of the control-rod drive which are to be released
for use in manufacturing the drive.

COMPONENT HANDLING (K. A. Trickett, T. J. Larson)

Research and Development (Task 11) (T. J. Larson)

Modification of the STF Instrument Bridge

The conceptual design of the STF instrument bridge has been completed,
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and a determination has been made of the design requirements necessary
to convert the existing bridge in the shield test pool facility to a core
component handling tool. This information was a necessary input to the
preparation of an equipment specification for the accomplishment of the
modification.

The modified instrument bridge will function generally as follows.
During dry-handling of the EBOR core (see Fig. 1. 15), the bridge will
remove individual components in air from the reactor vessel and place
them into a lead transfer cask. In the case of core elements, provision
for cooling components during transit to the cask will be provided in order
to remove the afterheat generated in the fuel. No such cooling is required
for reflector elements, control elements, or grid plates. After the transfer
cask has been transported to the fuel-storagc pool, the bridge will remove
core, reflector, and control elements and load them into the submerged
storage racks provided in the pool.

In addition to removing these components from the reactor, the modi-
fied bridge will load core components into the transfer cask al Lhe [uel-
storage pool and, after positioning the cask over the refueling port, will
reinstall them in place within the reactor.

Transfer-cask Portable Shield Shutter

The conceptual design and a determindlion uf the design requirements
for the transfer-cask portable shield shutter have been completed. This
information was usedto prepare an equipment specification for the procurement
of the shutter.

The shutter (shown in Fig. 1. 16) will operate generally as follows.
Since thehandling of components within the reactor pressure vessel requires
the removal of an access plug in the shutdown shield, some means must be
provided to prevent radiation from emanating through the resulting hole in
the shield. The shielded shutter serves as a replacement for the biological
shielding provided by the access plug. When used in combindtion with a
transfer cask, it serves in addition to accurately locate the centerline of
the cask over the refueling port or control-element drive thimble, to level
the cask, and to allow passage of radioactive components through the shut-
down shield without loss of over-all shielding integrity.

Core-component Transfer Cask

The conceptual design and a determination of the design requirements
for the core-component transfer cask have been completed. This information
was a necessary input to the preparation of an equipment specification for
the procurement of the cask.
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The transfer cask (shown in Fig. 1.17) will be used to transport
radioactive core components in air between the EBOR and the fuel-storage
pool. During transfer, the cask will provide biological shielding to protect
personnel from exposure to radiation, will prevent the release of fission
products to the atmosphere, and will protect the core components against
possible mechanical damage from handling loads.

General
Work is in process on the conceptual design and the definition of
design requirements for the shield plug cask, the control-rod-drive transfer

cask, the intermediate cooling station, and the remote-viewing system.

Design for Construction (Task 60) (T. J. Larson)

Modification of the STF Instrument Bridge

The equipment specification which defines the modifications neccssary
to convert the STF instrument bridge to a core component handling tool has
been completed. The specification has been sent to vendors with a request
for bids by April 30, 1962.

Transfer-cask Portable Shield Shutter

The equipment specification which defines the requirements for the
transfer-cask portable shield shutter has been completed and sent to
purchasing for bid invitations.

Core-component Transfer Cask

The equipment specification which defines the requirements for the
core-component transfer cask is in the process of final review,

Information for Architect-Engineer Title II Design

Design information for the architect-engineer Title II package was
prepared covering the following previously reported areas'”’:

Location and orientation of the shutdown shield.
Requirements for the control-rod-drive storage cell.
Requirements for the handling-tool storage racks.
Requirements for the transfer-cask foundation.

B W N -

Safeguards Report

Information has been obtained on fuel-cladding temperature/time
history during the transport of fuel in the transfer cask. (This information
has been issued in an addendum to the Preliminary Safeguards Report.)
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The time/temperature analysis was based on the previously reported(z)
investigation of core-element temperatures during transfer. Assuming
failure of the cask cooling system and ignoring the loss of heat from the
cask to its surroundings (an ultraconservative assumption), 113 hr would
be required for the cladding of an uncooled element to reach its melting
point.

REACTOR INSTRUMENTATION (W. Lones)

Research and Development (Task 14)

Connector Contact Test

The connector contact test is in progress, and contact-noise data and
data related to reading inaccuracies (if any) introduced by the contacts will
be forthcoming. :

Trial Fabrication of In-core Sensors and Connectors

Trial fabrication of the core-element connectors pointed up the high
cost of fabricating the Geminol P/N contacts and the failed-fuel detection
tube connection. Therefore, in order to reduce costs, the threads on the
contact stems were eliminated, and the failed-fuel tube connection was changed
from Hastelloy X to stainless steel.

Design for Construction (Task 62)

Most of the work under this task has been directed toward the com-
pletion of the instrumentation design and the writing of purchase specifica-
tions. The specifications for the nuclear and safety system and the failed-
fuel-detection system have heen issued to the purchasing department and .
transmitted to vendors. ‘

: N :
The final drawings for the thermocouple and calibrating thermocouple-

well depressurizing junction box have been completed and have undergone
dimensional check. The drawings for the sampling-tube depressurizing
junction box are presently being checked,

EXPERIMENTAL ENGINEERING (H. C. Hopkins) .

Hanford Loop (Task 20)

On January 6, 1961, a 19-rod-bundle test fuel element was inserted
into the Hanford DR-1 gas loop. The test element consists of 19 fuel pins,
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each approximately 15 in. long by 3/8 in. in diameter, of BeO-UO, fuel

clad with Hastelloy X and has a thermal power putput of 35 kw. The detailed
design and operatiiéx)g conditions have been discussed in a previous quarterly _
progress report., ‘ ' '

The test element has demonstrated the ability of EBOR fuel pins to
operate satisfactorily at a maximum cladding temperature of 1500°F and
above. Current plans are to remove the element in June, 1962, after
18 months in-pile and an estimated time of 7000 hr at high temperature,
including 1200 hr at 1700°F.

As of March 1, 1962, a maximum cladding temperature of 1500°F
and above had been maintained for 5069 hr , including 1226 hr at 1700°F.
During this time, the element was thermal-cycled 38 times. The loop is
monitored for release of fission products by means of two proportional
counters mounted on the external piping and by examination of helium
samples with a single-channel gamma analyzer set for the principal gamma
from Xe . Both of these monitors have remained at normal background
level, which indicates that the cladding has remained sound and that there
has been no fission-product leakage.
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II. REACTOR PHYSICS

EXPERIMENTAL PHYSICS (Task 13) (W. B. Wright, A, J. Goodjohn)

Critical experiments in the simulated water-flooded condition were
summarized in the last-two quarterly progress reports. (1X2) "At the end
of this experimental program, a new critical-assembly building was con-
structed to provide more adequate shielding in preparation for dry-core
experiments, A description of this building and the dry-core experimental
program has been given in Supplement 3 .to the’ Safeguards Report which
was issued dur1ng this period. (3)

Dry-core experiments in the new building were begun on January 9,
1962. The properties of two basic cores were investigated. The first of
these had a unit-cell arrangement in which fuel was lumped to approximately
the same extent as in the EBOR., Therefore, 'this core is referred to as
the "standard core, ' and most of the experiments performed during this
quarter were carried out with this configuration. The second core had a
unit-cell configuration in which the fuel was lumped to a much greater extent
than in the EBOR and is referred to as the 'lumped core.'" This core
provided a more stringent test of the analytical homogenization techniques
and served as an additional check of the design rhethods, Both cores con-
tained distributed boron-stainless steel shims to hold down the excess core
reactivity. '

Reactivity Experiments in the Standard Core’

The standard core was composed of 24 unit cells constructed as shown
in Fig. 2.1, and it contained 46. 91 kg-of U235, With 45 mils of boron-
stainless steel in each fuel channel, the core reactivity excess was
0. 53 dollar. Various experiments were performed with this configuration
and are reported below.

Operational Expe riments

The worths of the fuses and safety rods were measured as soon as
the first core became critical and are listed in-Table 2. 1.

The perturbations in reactivity created by fuse voids and control-rod
voids were measured. In the case of the fuse and horizontal control-rod
void, the measurements were made by determining the worth of beryllium
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oxide in the void locations. Since this was not possible in the case of the
vertical control-rod voids, voids of like dimensions were introduced in

both halves of the core at distances from the centerline that bracketed the
positions of the vertical control rods. The worth of these simulated control-
rod voids as a function of position is shown in Fig. 2.2. The results of

the measurements of these reactivity perturbations are given in Table 2. 2

in terms of the increase in core reactivity that would have occurred had
these voids been filled with beryllium oxide. '

Table 2. l'
WORTH OF SAFETY DEVICES

Worth

Device (dollars)
Vertical rods ... .. 8.50
Five fuses ... . ... 2.70
Horizontal .rod . . . . . 0. 80

Table 2. 2
WORTH OF ROD AND FUSE VOQOIDS

Worth
Void Type ' (dollars)

Upper fuse, center.,,. ... 0. 34
Upper fuse, off-center . ... 0. 31
Lower fuse, off-center . . 0. 33

. Horizontal rod. ... ... ... 0.29
- Vertical rods . ... ...... 3.10
Total void . ........... 5.01

In addition to the void measurements, the reactivity coefficient of
boron-stainless steel was measured as a function of position throughout
the core, to determinc the core symmetry and the distributed worth of the
boron-stainless steel, Figure 2.3 shows a core map with the various unit-
ccll positions. Table 2. 3 lists the reactivity coefficient of the boron-
stainless steel in the various unit cells. For the distributed reactivity
coefficient measurement of boron-stainless steel, one 5-mil piece was
added to each of the six fuel channels within a unit cell,

An estimate was made of the rAeactivity loss caused by streaming,
The normal arrangement of fuel channels wherein the alignment of the
various channels yields a possible streaming path in both the vertical and
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Table 2. 3
REACTIVITY COEFFICIENT OF BORON-STAINLESS STEEL

Worth* Worth* '
Unit Cell (dollars) Unit Cell (dollars)
1 0. 0631 ’ 3 0.111
6 ‘ 0.0730 7 0. 088
19 0. 0620 8 0.124
24 0. 0640 9 0.181
2 0. 083 Total core 2. 60

"‘For 5 mils of stainless steel in each channel,

axial directions is shown in Fig. 2.3. In these streaming experiments, the
fuel channels in four of the unit cells were rearranged in three steps as
showu in IFig. 2. 4. Tn Step A, the fuel channels were arranged as in the
standard core. 'In Step B, the fuel channels and No. ¢ BeU blocks werc inter-
changed in alternate rows of unit cells. In Step C, the remaining unit cells
were interchanged. In each case, the excess core reactivity was determined.
In Steps A and C, the reactivity loss caused by streaming was the same and
the change in reactivity was a measure of only the rearrangement of beryl-
lium oxide and fuel, Half of this reactivity change would be that expected in
Step B with no streaming present. The ditierence belweein the measured
reactivity change in Step B and half of the change in Steps A to C is the
reactivity loss caused by streaming. Using the relative worth of boron-
stainlessa steel in each column of cells, the total streaming effect in the
vertical direction was computed as 0. 17 dollar. A suwrnmary of the measure-
ments is given in Table 2. 4.

Table 2. 4
VERTICAL-DIMENSION CORE-STREAMING MEASUREMENTS

- 'Core Excess
' Reactivity Change from A
Step (dollars) (dollars)
A ' 0. 061 0.0
B 0.244 - 0.183
C 0. 390 0. 329

NOTE: Streaming = 0. 183 - (0.329/2) = 0.019; total
vertical streaming = 0. 17 dollar, based on the relative
worth of boron-stainless steel.
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A streaming measurement similar to that made for the vertical
dimension could have been made for the axial dimension of the core but
would have required the cutting of fuel foils and channels. Therefore, since
streaming appeared to be only a minor perturbation to the core, the
assumption was made that streaming is inversely proportional to the length
of the possible streaming path. Axial strearning was thus assumed tobe
worth 0. 13 dollar and the total streaming correction for the standard core
was 0. 30 dollar.

Using the measured values of void worths and the loss in reactivity
caused by streaming, the excess core reactivity with all voids filled with
beryllinm oxide, with a uniform boron-stainless steel distributidn, and with
no streaming would be 4. 40% bk/k, based on B ¢r - 0.0075. Thio walue
should be noted carefully because a calculation of the reactivity of the critical
assembly by our analytical techniques, in which all voids are filled with
BeO, there is no streaming, and boron-stainless steel distribution is uni- .
form, should show a reactivity excess of this magnitude. Similarly, a
calculation 1in which only Lthe veitical-rod woids are filled with BeO, there
is assumed to be no streaming, and the distribution of boron-stainless steel
is uniform, but which has the explicil vuids due to the fuses and the hori-,
zontal rod, should show a reactivity excess of 2. 92%.

Slab Void Experiments ) '

Because the EBOR has discrete slab control-rod voids that cut both
the core and the reflector, slab voids were incorporated in this core as
shown in Fig. 2.5, and the boron-stainless steel was removed until the core
was again critical. In addition, measurements were also made with the
voids completely filled with beryllium oxide and partially filled with beryl-
lium oxide. ' o :

In the first of these measurements, the voids were filled with Nao. 1
blocks (1. 060 in, wide) after the addition of boron-stainless steel thruuglivut
the core. In the second measurement, No. 2 blocks (0. 655 in. wide) were
substituted for the No. 1 blocks, leaving a slab -void approximately 0. 4 in.
wide, The reactivity loss caused by streaming in this void was measured
by a method similar to the one described above. In Step 1, the core
reactivity was determined with all of the No. 2 blucks lined up toward the
core center. In Step 2, the No. 2 blocks were moved to the other side of
the slot in alternate rows. In Step 3, the blocks were lined up away from
the core center. The reactivity loss caused by streaming is the difference
between one-half the reactivity change in Steps 3 and 1 and the reactivity
change in Step 2. The results showed a 0. 031-dollar loss in reactivity
because of streaming through a 0. 4-in. slab void. A summary of these
measurements is given in Table 2. 5.
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Table 2. 5
SLAB-VOID.STREAMING MEASUREMENTS

Core Excess
Reactivity Change from I
" Condition (dollars) - (dollars)
No. 2 BeO toward core center 0. 090 0.0
No. 2 BeO alternated 0. 1094 40.0194
No. 2 BeO away from center 0. 0665 -0. 0235

" NOTE: Streaming = 0.0194 - [(-Q. 0235/2)] = 0.031 dollar.

Reflector Measurements

The side-reflector thickness was changed in two steps and the core
cxcess reactivity was determined by either a subcritical measurement or
removal of the boron-stainless steel. In the first step, one row of No. 1
BeO blocks was removed from each side of the reflector, and in the second
step, another row of BeO blocks was removed. The change in reactivity
due to the change in reflector thickness is shown in Table 2. 6.

Table 2. 6

CHANGE IN CORE REACTIVITY AS A FUNCTION
OF REFLECTOR THICKNESS

Side Reflector ' Reactivity
Thickness Change
(in. ) - {dollars)
Standard (6.906) . .. .. 0.0
5755 . .. ..o o ~1.21
4.604 . ... ........ -2.75

Slab Contr‘ol- rod Measurements

Slab rods 12 in. wide and 38 in. long were inserted at the core center,
as shown in Fig. 2.6, by removing beryllium oxide in this location. The
reactivity loss due to the removal ot berylliurn oxide was. 1, 87 dollars.
After this void had been obtained, three slab rods were inserted in the core
and the core was brought to criticality by the removal of boron-stainless
steel. The first rod was composed of dysprosium tiles encased in an
aluminum box; the second rod was composed of strips of boron-stainless
steel of a thickness chosen to match the optical thickness of the dysprosium
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rod at 2200 m/sec; and the third rod was composed of boral. The number
densities of the various rod materials are given in Fig. 2.6, adjusted to a .
rod thickness of 0.25 in. The estimated rod worths in the standard core
(containing 45 mils of boron-stainless steel in each cell) are listed in
Table 2. 7. - '

Table 2. 7
ESTIMATED ROD WORTHS

Estimated
. Worth

Rod Type (dollars)
DyZO3 ............ 5. 80
Boron-stainless steel . ., . 5.23
Boral .. ........... - 9.10

Core Reactivity Values

The excess reactivity values and the corresponding values of kggs for
all the standard cores constructed are given in Table 2. 8, adjusted by
(1) the worth of the vertical control-rod voids, (2) loss in reactivity caused
by streaming, (3) the reactivity coefficient of boron stainless steel applied
to cells not containing the noted boron-stainless steel (when necessary),
and (4) the excess reactivity of the cores measured by period or subcritical
measurements, Column 2 of Table 2. 8 lists the thickness of boron-stainless
steel in each fuel channel. In computing the reactivity values, it was
assumed that B ¢ = 0. 0075.

Reactivity Experiments in the Lumped Core

The lumped core was composed of 24 unit cells constructed as shown
in Fig. 2.7 and conta1n1ng 46.91 kg of U235, With 30 mils of boron-stainless
steel in each fuel channel, the core reactivity excess was less than 0. 37 dollar.
As in the standard core, slab rods 12 in. wide and 38 in. long were inserted
at the core center, as shown in Fig. 2.6, by removing beryllium oxide in .
this location. The reactivity loss caused by the removal of beryllium oxide
was 1. 75 dollars., With this void, three slab rods were inserted in the core
and the assembly was brought to criticality by the removal of boraon-stainless
steel. These rods were identical with those described above and had the
" number densities given in Fig. 2.6, The adjusted excess reactivity values
and the corresponding values of kegs for all of the lumped cores constructed
are given in Table 2. 9.
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Table 2. 8
STANDARD-CORE REACTIVITY VALUES

B-SS
Thickness
in Each Core Excess
Channel Reactivity-

Conditions (mils) (% Sk/k) Keff
Clean standard core 45 T 2,92 1. 0300
Side reflector change .

5.755 in. 45 2. 00 1. 0204
4, 604 in. 40 - 2.40 1. 0246
Void (Fig. 5) ‘
1. 090 in. ) 10 1.02 1.0103
0. 435 in. . 45 2.59 1. 0266
Void filled with BeO 50 2.18 1. 0223
Dy, 04 rod al center : 30 4,43 1. 0464
Boron-stainless steel
rod at center 30 4. 85 1. 0510
Boral rod at center 20 5.80 1. 0616
Table 2.9
LUMPED-CORE REACTIVITY VALUES
B-8S
Thickness
in Each Core Excess
Channel Reactivity

Conditions (mils) (% 6k/k) keff
Clean lumped core 30 - | 2.24 1. 0229
Dy,03 rod at center 20 3.22 1.0333
Boron-stainless steel ‘

rod at center 20 , 3.55 1. 0368
Boral rod at center 10 ‘ _6.04 1. 0643

Cell Homogenization Measurements

Detailed manganese activation measurements were made in unit cells
in both the standard and the lumped cores. It was found that for these
epithermal cores, wherein the mean free path for neutrons is higher than
in the simulated water-flooded cores reported previously, foil interaction
effects were important and care was necessary to assure that the presence
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of too many foils across the cell in any one activation did not perturb the
measured flux distribution. These effects were investigated experimentally

by varying the number of manganese foils used in any one activation. As a
result, it was found necessary to do a series of activations with only a few
foils inserted in the cell in each run. The detailed distribution was determined
by normalizing the various runs to the same power level. The difference

in distributions, measured with few and many foils, is shown in Fig. 2. 8.

Since the unit cell (No. 9 of Fig. 2.2) in which the activations were
made was off-center, the detailed distribution is superimposed on an over-
all core flux gradient pertaining to the gross radial leakage. The distri-
butions in both halves of the cell are shown in Fig. 2.9, where they are
compared with the calculated values of the manganese foil activities.

NUCLEAR DESIGN (Tasks 22 and 51) (A. J. Goodjohn, H. A. Vieweg,
I.. R. Amyot, A. D. McWhirter,
J. R. Seibold, W. B. Wright)

Analysis of Critical Experiments

Two reports describing the analysis of the simulated-water-flooded
critical experiments were issued. (4)(5) During the present quarter, the
methods used in the nuclear design of the EBOR were examined in detail,
using the experimental data from the dry-core experiments discussed under
Task 13. A number of investigations were made on various parts of the
analytical methods, and the grcss aspects of the analysis were checked by
computing the total core reactivities for a number of critical configurations.
These investigations can be classified as (1) studies of fuel-cell homogeni-
zation techniques and (2) calculation of gross core-reactivity values.

Fuel-cell Homogenide Constants

The method used in the EBOR design studies to homogenize fuel cells
consists of a DSN calculation in 22 energy groups (10'7 to 0. 005 ev) of which
12 groups are epithermal (>2.1 ev) and 10 are thermal. The initial calcu-
lation is performed with microscopic cross sections derived from GAM
and GATHER spectra, based on homogenized fuel-cell number densities.
Microscopic DSN cross sections can be obtained from the resulting self-
shielded spectrum, and the DSN calculation can be repeated to obtain iterated.
macroscopic constants for the homogenized cell. The use of a crystalline
(as opposed to a free-gas) kernel for beryllium oxide and the number of
thermal groups used in the calculation could also affect the homogenization
results. Two additional factors peculiar to the critical assembly are the
large amount of aluminum present and the fact that the fuel height is less
than the height of the unit cell, as seen in Figs. 2.1 and 2. 7.
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Using the geometry and composition of the standard core, compari-
sons were made between iterated and noniterated cross sections, between
gas- and crystalline-kernel cross sections, and between the use of 10 and
18 thermal groups. In addition, a DSN calculation was made in which the
fuel height was considered to be the same as that of the unit cell, rather
than diluting the fuel region by the ratio of fuel height to cell height.
After the analytical program had started, a slight change was made in the
high-energy cross sections for aluminum, and this effect was investigated.
Table 2. 10 presents the results of these calculations in terms of two- -group
constants derived from GAM and GATHER. The estimate of keff is based
on a geometric buckling of 0. 0018 cm-2,

Table 2. 10
- COMPARISON OF VARIOUS HOMOGENIZATION CALCULATIONS

Ep1therma1 Groups Thermal Groups
(10 to 2.1 ev) (2.1 to 0. 005 ev)

Estimated
Case nf -r,(cmz) ) nf Lz(cmz) keff
Noniterated gas kernel|l. 2850{116. 68(0. 18741| 1. 3784| 16. 393 1. 0498
Iterated gas kernel 1.2867{116.32|0. 18961 1. 3886| 16.201 1.0532
Iterated crystalline

kernel 1.286¢[116. 320, 18961
18 thermal groups™ . |1.2867(116.32(0. 18961
New aluminum data’ 1.2927{117. 18(0. 19043
1 0

Fuel:height increased |1.2827|116.56 0. 20021

.3806| 17.179 1, 0R16
. 3805| 17. 081 1.0517
. 3806| 17.179 1. 0540
. 3854 18,018 1.0493

b et b e

3
All with iterated crystalline kernel.

These results indicate very little difference between the various
methods. The increased fuel height is physically untealistic; however,
the comparison does show that little, if any, error results from the. diluted
representation, since the homogenized constants are evidently insensitive
to the geometric approximation used.

One other aspect of the homogenization technique was investigated,
This was the approximation made in both the nuclear design and the critical
assembly analysis, that each unit cell in the core can be homogenized
prior to the criticality calculations, as though it were in an infinite medium
of like-unit cells. In other words, the fact that a cell may be next to the
reflector or at the core center is not taken into account in the homogenization.
To check the validity of this approximation, a DSN calculation was performed
on the entire core in which the rows of unit cells were represented explicitly.
Self-shielding factors were obtained for each row of cells (designated as
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center, middle, and outer in Table 2. 11) and GAM and GATHER constants
were obtained for each position. With reference to Fig. 2.2, the cells
considered were as follows: '

Cell No. 10 approximately center,
Cell No. 11 approximately middle,
Cell No. 12 approximately outer.

The results of the calculations are given in Table 2. 11 in terms of the ratios
of thermal and epithermal values of nf to those obtained for a cell in an
infinite medium of like cells (design method). The results show that little
or no error due to cell location in the core is involved in the present

design method of cell homogenization,

] Table 2. 11

DEPENDENCE OF HOMOGENIZED CONSTANTS ON FUEL-CELL
POSITION WITHIN THE CORE

Epithermal Thermal
Position [ (nD)/(nf) o) [ (nf)/(n) ]
Center 1.0003 1. 0014
Middle 1. 0009 1.0018
Outer 1. 0009 1. 0000

As a final check on the homogenization techniques, the detailed
manganesc activations for both the standard and lumped cores were obtained
with 15-region DSN calculations, using iterated, crystalline-kernel cross
sections and the 22-energy-group structure in use in the EBOR design.

A comparison of the calculated and experimental results is given in Fig. 2. 9.
Tn hoth cores, 60% to 70% of the manganese activity was caused by neutrons
above 167 ev; therefore, resonance self-shielding corrections may be
necessary. These corrections are now being calculated and, if significant,
will lead to better agreement than that indicated in Fig. 2. 9.

Methods of Calculating Gross Core Reactivity

The method used in the EBOR design studies to compute core reac-
tivitics incorpurates 2DXY computations utilizing 12 energy groups--6 epi-
thermal and 6 thermal. Since 2DXY performs the calculation with P-0
transfer only, a comparison was made with DSN between eigenvalues
obtained with P-0 and P-1 transfer. In addition, the effects of using a
crystalline kernel for BeO and of changing the number of thermal and
epithermal groups were determined. 4
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Eigenvalues were computed for the various cases listed, using the .
geometry and composition of the standard core. The change in reactivity
in each case from that obtained from the standard design method (crystalline
kernel, 12 groups, P-0 transfer) is listed in Table 2. 12.

Table 2. 12

COMPARISON OF VARIOUS CALCULATIONAL METHODS
FOR GROSS CORE REACTIVITY

‘Reactivily Change
Case Other Features (% 6k/k)
Gas kernel 12 groups, P-0 transfer | +0. 41
P-1 transfer 12 groups, crystalline i
, kernel 10, 34
10 thermal groups 6 epithermal groups, V
crystalline lkkernel +0, 18
18 thermal groups 6 epithermal groups,
crystalline kernel +0.01
12 epithermal groups | 6 thermal groups,
‘ crystalline kernel Not completed

It can be seen from these results that none of the factors are of much
importance. A change in the number of epithermal groups is not expected
to be of major importance, but computations are in progress to check this
effect. On the basis of present information, however, it appears that
- criticality calculations on the critical assembly performed with 12-group,
2DXY computations should be adjusted by +0. 34% from P-1 transfer and
4+0.22% from the change in the high-energy data for aluminum. The net
rcoult would he +0. 56% in the calculated eigenvalue for the critical assembly.
This adjustment has been incorporated into all of the following calculations
on core reactivity values. '

Core Reactivity Values

Seven of the standard-core experiments have been calculated with the
methods in use in the EBOR design, Macroscopic homogenized constants
were derived from GAM and GATHER, using self-shielding factors from
22 -group iterated DSN problems. The beryllium oxide crystalline kernel
was incorporated in the thermal-group calculations, and the standard 12-
energy-group structure was used. . All problems were run with 2DXY -
(converged to 10'5)' and control rods, when present, were represented
explicitly in the calculation. The axial leakage was entered as group-
dependent leakage in each problem. The experimental, calculated, and
adjusted values of kg are listed in Table 2. 13,



55

Table 2. 13

COMPARISON OF CALCULATED AND EXPERIMENTAL VALUES
OF CORE REACTIVITIES ‘

Experimental Calculated Adjusted
Conditions keff keff ' kesf
Clean standard core .-1.0300 1.0535 1. 059
Void (Fig. 5) ‘
1. 090 in, 1.0103 1. 0390 1. 024
0. 435 in, 1.0266 1.0487 1. 054
Void filled with BeO 1.0223 1.0422 1. 049
Dy,03 rod at center 1. 0464 1. 0523 1, 058
Boron-stainless steel
rod at center 1. 0510 1.0633 1,069
Boral rod at center 1.0616 1. 0592 1.065

It is seen from these results that the adjusted k¢¢'s differ by as much
as 3% from the experimental values, with the unrodded cores yielding the
largest difference. The reason for such a discrepancy is difficult to pinpoint.
First, it is difficult to imagine a single.block of fundamental data that could
yield such a large difference and, in general, all of the errors in the
fundamental data would appear to cancel in an over-all effect., Second, the
analytical techniques are being put to severe tests in calculating the
criticality--indeed, more severe in many cases than the corresponding
EBOR calculations. However, investigations of the effects of (1) changing
thermal-energy-group structure, (2) incorporating P-1 scattering as opposed
to diffusion-theory-type approximations, (3) possible differences arising
from space-energy problems in cell homogenization as a function of position,
and (4) incorporating an assumed crystalline-kernel effect do not clarify
the discrepancies; all except the last are elaborations of our present
techniquee. Expcrimental and aunalylical work is continuing. Increasing
the number of high-energy groups in the calculations has given some indi-
~  cation of decreasing the calculated kéff's; These calculations are only
preliminary., . :

Methods Development

Minor modifications were made in the (SFD)2 and COMBO codes
mentioned in the lasl quarterly progress report. (2)

The (SFD)Z code, which computes self-shielding factors for use in
- the GAM and GATHER codes on the basis of the results of DSN.cell calcu-
lations, was changed to permit the use of fluxes punched from the DSN
code in binary form as direct input, thus avoiding the necessity of tran-
scription of printed output from the DSN calculations. Utilization of these
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fluxes required the addition of the ce€ll radii to the input for (SFD)Z, and the
code was made to read the same radii input used for the DSN calculations.
Other modifications were added to reduce the amount of input required for
consecutive problems having the same group structure, number of materials,
geometrical configurations, and radii, and differing only in concentrations
and fluxes.

The COMBO code and its associated versions of the GAM and GATHER
codes were modified to make the code compatible with a standard IBM '
FORTRAN system, to reduce the number of records written on tape in
GAM and GATHER, and to include an identification scheme appearing in
columns 73 to 80 on the punched cards from the COMBO code. -

Minor compatibility modifications were made in all of the codes used
in the analytical program associated with the EBOR to adjust to the operation
of the new IBM-7090, which is now in operation at General Atomic. It now
appears that the analytical techniques used for the static analysis of the
EBOR nuclear design are adequate and that further major work in this area
will not be necessary.’ ’

EBOR Nuclear Analysis

Temperature-coefficient Studies

Temperature coefficients of reactivity have been obtained at room
temperature, operating temperature, and a maximum temperature of 2000°F,
A basic change in the method of defining the coefficients was incorporated
in the analysis. Rather than attempl to describe the various components
of the temperature coefficient in terms of differential variations with -
temperature of simple four-factor-type formulas, it was decided that for
such a heterogeneous, epithermal, reflector-moderator system as the
EBOR it would be better to describe the coefficients in terms of the total
reactivity change associated with successive temperdlure incremcntc in
various physical components of the core. This method is certainly a more
realistic and practical method, since definite time delays are involved in
the temperature variation in various components following a power variation
associated with a reactivity change. In terms of this method of analysis,
the components of the temperatlure coefficicnt are defined as follows:

- 1. Prompt coefficient. This coefficient is associated with a tempera-
ture variation of the fuel-bearing region only. Doppler broadening
of the U238 and U235 resonances and a thermal base effect, caused
by the temperature change of that fraction of the beryllium oxide
moderator that is mixed as a diluent with the fuel, are the factors
that are incorporated when determining this coefficient,

2. Core-delayed coefficient. The subsequent temperature variation
in the rest of the core moderator is the only effect incorporated
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in this coefficient, Since the core is so epithermal, the thermal
base effect that describes this coefficient is expected to be small,

3. Reflector-delayed coefficient. A possible temperature variation
in the reflector following a power and temperature variation in
the core will be significantly delayed and is the third component
in the temperature-coefficient analysis, The effect is again a
thermal base effect and, since the reflector is large, the loss of
absorption in the reflector when the temperature rises and the
somewhat thermal spectrum becomes harder, results in an
expected positive reflector-delayed coefficient,

4, Over-all temperature coefficient, The over-all coefficient, as
defined by this method, is the sum of all three previously mentioned
components and is the result of a uniform temperature variation
(necessarily slow) in all parts of the core and reflector. The
cold-to-hot reactivity swing is determined step by step by the
over-all coefficient, »

A summary of the results of these studies was prepared for the
preliminary safeguards report for the EBOR, Tables 2,14 and 2, 15
summarize the results for the 100 kg U233, 60 kg U238, and 90 kg U233,

70 kg U238 loadings, respectively. The prompt coefficient is smaller than
was previously indicated because a substantial number of fissions occur in
U235 before the neutrons are slowed down to the U238 resonance-absorbing
region. Thus, the U238 Doppler broadening coefficient is modified by a
factor involving the competition between U235 and U238 for resonance-energy
neutrons., The core-delayed coefficient is negative but small, as anticipated;
the reflector-delayed ccoefficient is positive, as anticipated. The prompt
negative coefficient is the largest component at all temperatures investigated
and is the overriding aspect of the over-all total coefficient. Doppler
broadening of the U235 resonances has not been incorporated into the
analysis at the present time., This effect is expected to be negative also

and will therefore enhance the prompt negative coefficient. Preliminary
investigations in this area are described later in this section,

Table 2. 14

EBOR TEMPERATURE COEFFICIENTS
FOR 100 kg U235, 60 kg U238 LoOADING

Temperature Coefficient
(6k/k x 105/°C)

Temperature

Prompt and Reflector-
°K °F Prompt | Core-delayed delayed Total -

300 | 81 -2.3 -2.6 - +0.8 -1.8
980 | 1300 -1.2 1.4 +0.2 1.2
1367 | 2000 -1.0 -1, 7 +0. 1 -1. 6




58

Table 2.15

EBOR TEMPERATURE COEFFICIENTS
FOR 90 kg U235, 70 kg U238 LOADING

Temperature Coeff1c1ent
(8k/k x 10°/°C)
Teompera.ture ‘ Prompt and Reflector-
K °F Prompt | Core-delayed delayed | Total
300 81 2.5 ©-2.9 +1.0 -1.9
980 {1300 -1. 4 -1 +0. 3 -1.4

The temperature coefficients were calculated by computing the reac-
tivity at- +50°C temperature changes on the hot and cold design temperatures,
taking into account self-shielding and spectrum changes. The coefficient
was then calculated by taking 8k/k for any two temperatures of interest
and dividing by the temperature difference. The final calculation of reac-
tivity was done with the GAZE code, in which the core is treated as an '
infinitely long cylinder. No changes in axial leakage were taken into account,
and the control rods were not included; the effect of the former is certainly
small and the effect of the latter has yet to be investigated. The effect of
assuming cylindrical geometry was checked by computing the 980 K tempera-
ture coefficient for the 100 kg U235 and 60 kg U238 loading, using the 2DXY
code, which is a two-dimensional XY-geometry code. The temperature
coefficients thus obtained were essentially the same as those obtained with
the simpler cylindrical approximation.

The 300°K coefficients were determined, using the crystalline-model
scattering kernel for beryllium oxide thermalization. .The comparison
between these results and the results obtained with the free-gas-model
kernel is given in Table 2. 16. The difference between the two methods
shows up mainly in the reflector-delayed effect. The somewhat more epi-
thermal reflector spectrum, as calculated with a ¢rystalline kernel for
beryllium oxide, displays a smaller temperature variation. -

These results are all calculated on the basis of temperature-produced
changes in the nuclear characteristics of the core, and the thermal expansion
of the core elements. The expansion of the lower grid plate would influence
reactivity, since it defines the voids between fuel elements and in the rod
channels. However, it is upstream of the core and its temperature change
would be a very much delayed effect. . Therefore, it is not included but is -
treated separately as a bulk coeff1c1ent .The magnitude of the bulk
coeff1c1ent between 300 K and 980 K has been estimated to be -1.0 X 10
5k/k °C.

5
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Table 2. 16_

'COMPARISON OF TEMPERATURE COEFFICIENTS OBTAINED
WITH FREE-GAS AND CRYSTALLINE KERNELS AT 300°K

Temperature Coefficient
(8k/k x 105/°C)
Free Gas - - Crystal -

. Prompt . : ’ -2.3 ., -2.3

Prompt and core- . N
delayed -3.0 . =2.6
Reflector-delayed +1.6 +0. 8
Total - -1.4" : -1.8

An investigation was started on the effect on the prompt temperature
coefficient of Doppler broadening of resonances in U235, Resonance-integral
calculations using the Adler-Nordheim-Hinman techniques were normalized
to the proper infinitely dilute values at room temperature by the addition
(or subtraction) of background cross sections in the appropriate energy
groups in the GAM code. GAM calculations were then run at various
temperatures with a homogeneous medium having the EBOR cell composi-
tions, with the appropriate scattering cross sections per U235 atom, with
the mean chord length, and with the lumped nuclei density. The U235
loading was 100 kg and the u23s loading was 60 kg. The results from the
GAM code are described in terms of the quantity nf over the energy range
1. 44 to 107 ev and are shown in Table 2. 17..

Table 2. 17
U235 RESONANGE-INTEGRAL STUDY

Temperature |
(°K) 1 nf
U235 U238 1.44 to 107 ev
300 300 1.3337
300 350 | 1. 3312
350 T 73507 11,3302
980 980 1.3024
980 1033 1.3013
1033 1033 1.3010

s

These results imply that, for the self-shielded configuration in EBOR,
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the contribution to the prompt temperature coefficient of Doppler broadening
of the U235 resonances is negative at both room temperature and operating
temperature. This investigation is being continued in an attempt to estimate
the magnitude of the U235 Doppler-broadening effect by means of more
detailed multigroup calculations with the DSN and GAZE codes.

Control- rod Worth

The control-rod worths were evaluated at both room temperature
and operating temperature for the clean EBOR at the beginning of life. The
loading considered was 90 kg U235 and 70 kg U238, In every case, discrete
rod cross sections in 12 groups were used as input to 2DXY problems con-
verged to 1 X 10-5. The rod worths and the values of reactivity under the
conditions investigated are given in Table 2, 18. The axial leakage was not
taken into account in any.of these problems. ’

Table 2. 18

CONTROL-ROD WORTH IN THE EBOR
FOR 90 kg U235, 70 kg U238 LOADING

Core | Temp.

Description (OK) keff Rod Worth
Unrodded 980 | 1.1206 0.267
Rodded 980 0. 8625
Unrodded 300 1.1329 } 0.266
Rodded 300 0.8712

Power Distributions

Relative fuel-element power normalized to the average over an XY
plane is shown in Fig. 2. 10 for the unrodded and the rodded cores. The
radial peak-to-average power is 1. 143 in the unrodded portion of the core
under hot-operating conditions,

Calculations now in progress will yield the rod worth versus insertion
curve and axial power distribution. Rodded and unrodded core cross
sections, homogenized over a transverse plane from the pertinent 2DXY
output, will be fed into a series of axial GAZE problems in which the effect
of the reflector is accounted for by adding appropriate core leakage cross
sections in all twelve groups to the core absorption cross sections in the
same groups. The two-dimensional GAMBLE code will be used to check
the most important cases.
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Analysis of a Livermore BeO Critical Experiment

A report has been published(6) containing the results of calculations
of the reactivity of a bare, clean critical experiment with a BeO:U ratio
of 247 performed at Livermore. (7) These calculations followed the same
lines and used the same data as those for the EBOR, in order to put the
methods and data to a preliminary test. Before starting the calculations,
it was realized that such a test would by no means be conclusive, since
there are several features of the EBOR which are not contained in such a
simple system. Nevertheless, agreement with the experiment would provide
some measure of confidence in the beryllium oxide and U235 cross-section
data, although uncertainties in leakage would reduce the effectiveness of
thio tost. Tahle 2.9 in the last quarterly progress report(z) compares the
parameters of the experiment with those of the RBOR. In addition to the
tcet of the data, the experiment provided a convenient place .to determine
the effects of certain variations in the calculativnal mcthods. These
variations were as follows:

Use of crystalline-model and gas-model kernels.

The effect of leakage on the spectrum used to obtain constants.
Different methods of obtaining the XY-leakage constants.
Replacement of diffusion theory by P-1 transport theory.
Comparison of P-0 and P-1 transport theory.

Use of ZI‘ instead of ZTR in P-0 transport theory.

OB W N

The detailed results of and cuuclusiens drawn from the above calculations
are given in the preliminary EBOR safeguards report.

The resitlts uf the rcactivity calrulations are summarized iu Table 2. 19.
The XY leakage 1n each case is obtuined by a 2DXY calculation and the
reactivity calculation is determined by'a one-dimensional calculation of the
type indicated in Table 2. 19. The results indicate good agreement with the
experi%ngnt, in that'a discrepancy in the kg¢s of only 2% means that the
critical height is inaccurate by only 0.5 in. oul of 20.2 in. One might
expect, from looking at the results, that had the XY calculation been a
P-1 rather than a P-0, the P-1 calculation would have heen even closer.
A neutron balance for the P-1 calculation appears in Table 2. 20.

Table 2. 19
SUMMARY OF CALCULATIONS OF LIVERMORE
CRITICAL EXPERIMENT

‘ Method : eff
'Diffusion theory (GAZE) .. ... 0.979"
P-0 transport theory (DSN). .. . 0.981

P-1 transport theory (DSN). ... 0.985



Table 2, 20

)

NEUTRON BALAN’CE-'-LiVERMORE CRITICAL EXPERIMENT

(DSN P-1 Calculation with 2DXY Transverse Leakages)

Energy XY Z Total

Group (év) Flux Absorption Fission Leakag.e Leakage : Leakage

1 | 107 tc 1. 25%x106 8. 688 -0, 040843 | 0.0033032{0.050036 | 0.032638 | 0.082674

2 | 1.35x%106 to 1.83x105| 16. 616 0.0069436] 0. 0062061 0. 056925 | 0.038111 0. 095036

3 | 1.83x105 to 3.36x103| 27.157 | 0.026614 | 0.021564 [0.076257 | 0.052934 | 0.12919

4 | 3.36%103 to0 167.0 16.293 0.076969 | 0. 052001 |0.044154 | 0.030768 | 0.074922

5 | 167.0to 17.6 8. 851 0,15737 | 0.09591 0.023356 {0.016209 | 0.039565

6 | 17.6 =0 2.38 4,816 0.091922 | 0.049326 [0.012597 | 0.0087858 | 0,021383

7 | 2.381%01.44 1.017 0.0056375| 0. 0043877 |0.0026962 | 0,0018818 | 0, 004567

8 | 1.44t00.414 2.316 0. 04609 0. 038228 |0.0060598 | 0.0042099 | 0.01027

9 | 0.414 to 0. 16 1. 436 0.069001 | 0. 056188 |0.0036322 | 0.0023808 | 0.006013

10 | 0.16 to 0.04 1. 114 0.074633 | 0.063149 |0.0026942 | 0.0018257 | 0.0045199

11 | 0.04to 0,01 0. 14 0.01523 0.012902 |0.0003187 | 0.00021682| 0. 00053552 -

12 | 0.01to 0 '0.01067| 0,0016305| 0.001374 |0.00002728{ 0.00001858] 0. 00004586
Total 0.5312 0.40454 |0.27875 0. 18998 0. 46873

€9
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Evaluation of Crystalline Kernel Effect

The effect on reactivity of changing from the scattering kernel
associated with the gas model of the BeO moderator too the more accurate
crystalline kernel was evaluated for the EBOR at 300 K with a loading of
100 kg U235 and 60 kg U238, The DSN problems, which were run for cell
cross section homogenization, and the GAZE problems, which supplied the
values of reactivity, were converged to 10-5 in all cases. The comparison
was made in the cylindrical S-4 and S-8 approximations. The results are
shown in Table 2.21. It will be seen that, because of the epithermal nature
of the core spectrum, the gas model is a very good approximation even at
room temperature,

Table 2. 21

COMPARISON OF CRYSTALLINE AND FREE-GAS
SCATTERING KERNELS

S
n
Kernel Approximation Keff
Gas 4 1.1821
8 1. 1831
Crystal 4 1. 1809
8 1. 1844

Fuel-element Manufacture, Storage, and Transfer Criticality Problems

Calculations were made to determine safe geometriesband batch sizes
for the manufacture, storage, and transfer of EBOR fuel elements The
problems involved in avoiding a criticality accident are as follows:

1. Limitation of the UO, batch size during manufacture of the fuel
pellets,

2. Storage of the manufactured fuel pellets prior to insertion in the
fuel element.

3. Storage and shipping of the manufactured fuel elements in 'bird-
cages, "

During pellet manufacture, the UOZ is washed in water as one of the
.steps to obtain a uniform grain size. Under such conditions, a critical
mass is formed with 1100 g of U235 in oxide form with a H:U235 ratio of
400 in a spherical geometry surrounded by an infinite water reflector. The
batch size is most conveniently set in multiples of 300 g of U235, since
the UO, is received in batches of this size, Therefore, the batch size for
pellet manufacture is limited to 300 g of U235 to allow for double batching
errors,
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It was proposed to store the manufactured fuel pellets on 10 in. by
10 in. by ! in, polystyrene foam ''cards," which would be wrapped and
sealed in a clear plastic, such as polyvinyl chloride. Polystyrene foam,
although a hydrocarbon, has a density of only 0. 03 g/cm3, so that the
mass of hydrogen present as a moderator is very small. By storing
180 pellets in each card, it would be possible to store enough fuel for
44 fuel elements in any configuration without reaching a criticality situation,
provided that (1) water does not get in between the cards, (2) the polystyrene
does not soak up water, and (3) the polystyrene maintains its low density
and foamlike structure. If these conditions cannot be met, the cards could
be arranged on a flat horizontal surface (such as the floor) in layers, with
the restriction that the total height of the fuel pins must be 1-1/2 in. or
less; this means a maximum of three layers on cards 1/2 in, thick. Some
provision should also be made to tie down the cards to ensure the stability
of the planar array. These recommendations are based on the data con-
tained in TID-7016, (8)

Fuel elements are contained in metal boxes lined with a low-density
packing material to prevent damage during handling. The fuel-element
boxes are stored and shipped in ''bird-cages, '"" which are metal frames
designed to maintain a specified distance between the fuel elements. Calcu-
lations have shown that it is possible to pack two fuel elements in each box
by allowing up to 1/2 in. of packing material around each element. However,
it was felt that unless it was more advantageous to store two element boxes
in one bird-cage, the elements should be stored separately. The spacing
of fuel-element boxes should be maintained at a minimum of 12 in. and the
bird-cages could be stacked horizontally up to three layers high.

These recommendations are based on multigroup one-dimensional
calculations with constants derived from GAM and GATHER. No self-
shielding effects were taken into account, as the configurations were all
assumed to be completely homogenized. No credit was taken for neutron
absorption in U238, whieh varies from about 5% to 20% of the total source
neutrons, depending on the lumping. The geometry was assumed to be
spherical with an infinite water reflector, except in calculations of the fuel-
element transfer and storage, where the geometry was either an infinite
cylinder or slab. The basic rule in avoiding criticality was that in any
configuration the mass of U235 present should be less than 75% of that
needed to attain criticality, allowing for double batching, unless the con-
figuration was shown to always be safe, The calculation was made with
the optimum amount of water present intimately mixed with the fuel.

Shielding and Heat Generation

As the EBOR enters into the final stages of nuclear and mechanical
design, a more comprehensive exawmination of heat generation and shielding
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data becomes possible. A series of calculations using the latest design
and composition data availablé has been initiated. Results will be incor-
porated into the final heat generation and shielding reports for the EBOR
and will serve to confirm, modify, and expand the existing data.

Calculations were made for the purpose of establishing a possible
level of contamination for a fuel-handling cask during transfer of a ruptured
fuel element. Table 2.22 summarizes the results for fission products
which are either gaseous or which may be volatile in the vicinity of operating
temper atures. Activity was based on equilibrium conditions for an average
fuel pin, except for the long-lived isotopes, for wh1ch a 600-day build-up
was assumed.

Table. 2. 22 ,
FISSION-PRODUCT ACTIVITY IN A SINGLE EBOR FUEL PIN

Activity (F:umes/plr{) ) Temp. to Vapofize
: , .10 Hr : 3 Days at Atm c)fPressure
" Isotope | After Shutdown | After Shutdown ( K)
Xel3lm C 4.37 4.30 \
Xel33m T 19.33 11.81 - ‘
xel33 - | 816,24 653. 35 'Gaseous at room
Xelsom 122.62 022 temperature
xel3> | 631.87 11,06 - o
~ Total Xe | ~ 1594.43 = | 680. 74 !
KyB3m - 11. 64 o R
Kr85m .35.98 ,
Kr85 . 1 3.87 3.87 . Gaseous at room
Kr8',7 » o 1. 61 r temperature
Kr88 36,16
Total Kr . 89.26 - 3.87 g
1131 ‘ | 426.02 304.30° |
1132 544, 16 311. 46
1133 610. 39 7.79
1134 ' 15, 84 F 430
1135 : 268. 50 0. 43
Total I 1864.91 623.98 /
G136 8.07 7.02
cs137 25. 96 25. 96 900
Total Cs 34.03 l . 32,98 - ' :
Rb88 - 40.45 | A 865
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‘Activity (curies / pinf

‘Temp. to-Vaporize-

Al -

- 10Hr - 3 Days. at Atm Pressure
Isotope- After Shutdown | After Shutdown | ('QK)
Bal37m 23.81 23,81 ' Y
Ba . 6.50
" Bal40 , . 785.81 | 681.99 ’ 1667
Total Ba 816.12 - 705. 80 )
s¥89 579. 96 560, 27 )
sr?0 29. 36 29. 36
sr9l 354, 42 4,19 > 3000
Sr92 581, 75
Total Sr 1545, 49 593, 82 /
Mo?? 74217 | 375,90 1320 .
Tel25m 0. 16 0,16 |
Tel27m 7. 48 7.41 .-
Tel27 28, 64 26,31 R
Tel29m 46. 36 43, 86
Tel2? 46. 36 43, 86
Tel3lm 6.61 ' N .
Tel3l . 7.64 - . ? 1250
Tel32 528.05 300,72 |
Tel33m 0.81 o
Tel33 0. 82 .
Tel34 0.07 ]
Total Te 673,00 422,32 |,
TOTAL ACTIVITY
(gaseous plus . T T
volatile) 7398, 88 3439, 38

Flux Depression and Spectrum Data for the MGCR-2 Capsules

The MGCR-2-type:capsules containing beryllium oxide plus‘various
additives are being irradiated in the central E<5 position of the GETR. As
part of an auxiliary effort to establish the- magmtude of the flux-titne irradia-
tion for the capsule and some of the nedtron physics ‘properties of the irradia-
tion, spectrum and flux depre551on calculations’'were performed. - Our
standard techniques of spectra determinatiohs’ by means of the GAM and
GATHER codes and the depress1on calculations by means of the multigroup-

transport-theory DSN code were used.
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Figures 2.11, 2.12,and 2.13 respectively, show as 22-group
histograms the calculated central unperturbed GETR group flux spectrum,
the perturbed spectrum in the GETR during capsule irradiation in the
region immediately adjacent to the capsule, and the average group flux
. spectrum in the BeO capsule during irradiation. Figure 2.14 shows the
unperturbed high-energy GETR spectrum in sufficient detail for the future
calculation of activation data. The only normalization in the spectrum cal-
culations has been to the integrated fast unperturbed flux in the energy range
0.18 Mev 2 E > 10 Mev, where the value of 3.41 X 1013 neutrons/cm®-sec
has been used as the basis for all other fluxes. Table 2.23 is a summary
of the flux depression factors for each of the 22 groups used in the DSN
calculations.

Table 2.23

SUMMARY OF FLUX DEPRESSION FACTORS USED
‘ IN DSN CALCULATIONS

Energy Limits Ratio of Avg.
Group (ev) , to Unperturbed Flux
1 107 to 3.68 x 106 0.576
2 3.68 x 100 to 1.35 x 10° 0.756
3 1.35 x 10° to 4.98 x 10> 0.841.
4 4,98 x 105 to 1.83 x 10° 1.093
5 1.83 % 10° to 4.09 x 104 1.206
6 4.09 x 10% t0 3.36 x 103 1.174
7 3.36 X 103 to 748.0 1.106
8 748.0 to 167.0 1.074
9 167.0 to 61.4 1.066
10 61.4 to 17.6 1.080
11 17.6 to 5.04 1.078
12 5.04 to 2.38 1.060
13 2.38 to 1.44 1.083
14 1.44 to 0.876 1.220
15 0.876 to 0.414 1.215
16 0.414 to 0.16 1.767
17 0.76ta 0.1 1.461
18 0.1 to 0.065 1.101
19 0.065 to 0.04 0.898
20 0.04 to 0.025 0.785
21 .0.025 to 0.01 0.697
22 0.01 to 0.005 0.604
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Data for MGCR-7 and -8 Capsules in WTR

The MGCR-7 and MGCR-8 capsules will be identical and will be
irradiated in a reflector position in the WTR near the core-reflector inter-
face. Four different specimens of varying concentrations of Dy_O_,—Al_O

. . . ‘ . 23 2 3
will be included in each capsule.

Calculations similar to those performed on the MGCR-2 capsule in
the GETR were made to determine spectrum and flux dépression data.
Absolute magnitudes of neutron fluxes were obtained from normalization
of Westinghouse flux data (*821 kev) at the core centerline. The compilation
of the data for these capsules is presently under way. Most of the diffi-
culties have now been overcome and the use of the techniques established
for the EBOR nuclear design in capsule irradiation calculations appears to
yield data which previously could not be obtained for these capsules.
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III. MATERIALS DEVELOPMENT
(D. E. Johnson)

FUEL-MATERIALS DEVELOPMENT (Task 04) (F. H. Lofftus,
W. Morris)

Work on the development of BeO-coated B‘eO—UOZ fuel compacts was
resumed during the present quarter, following the completion of the
fabrication of the BeO specimens for the MGCR-2 irradiation capsule.
Previous efforts in this area during the past year were directed toward the
application of impervious BeO coatings to BeO-UO, fuel compacts by slurry-
spray or slurry-dip methods. The effort during the next quarter will be
directed toward the application of impervious coatings by a direct compaction
method using a steel die. It is anticipated that sufficient information will
be available by the end of the next qu'arter to evaluate the relative merits
of these three fabrication processes. At that time the process that appea,fs
to have the greatest potential for development into a productlon process
will be selected for more intensive study.

MATERIALS FOR PROPULSION PLANT (Task 19)

Metallic“materials Development (W. L. Wyman, J. Wunderlich,
R. Wallace, N. Baker)
The objective of this subtask is to develop methods for the prevention
. of self-welding of metal contact surfaces which are heated in the reactor
coolant atmosphere. Before preventive action is suggested, the time—
temperature—contact pressure relations that effect self-welding of various
imateriale must he established. Materials of interest are as follows:

1. Carbon steel (SA-212B).

2. 1 Cr—1/2 Mo steel (SA-387B).

3. Ferritic stainless steel ( Type 430).

4. Austenitic stainless steel (Type 304).

5. Inconel.

6. Hastelloy X.

7. Inconel X.

8. Colmonoy.

9. Flame-sprayed Hastelloy X (tungsten carbide and chromium
carbide).

For experimental purposes, the lower limit of the interface pressure
has been arbitrarily selected as 100 psi and the upper limit for the intérface
pressure has been selected as the stress requircd to produce 1% creep in

73
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10,000 hr. All tests are being conducted in pure helium (less than 50 ppm
impurity). Metallographic examination of diffusion boundaries will be
made. A device was fabricated to measure the torsion required to separate
the bonded specimens and the results that have been obtained to date are
summarized in Table 3.1. These results show an almost linear relation-
ship for the increase in the bonding of A-212 to A-212 with increasing
temperature at a constant load of 100 psi. An increase of pressure from
100 psi to 500 psi at 1500°F caused welding of A-212 to Type. 304 stainless
gteel and of Type 304 stainless steel to itself. Changing the test time from
100 hr to 500 hr at 100-psi contact pressure gave the same result.

Table 3.1

TORSION DATA FOR SPECIMENS FROM SELF-WELDING TESTS
' . ' orque to Separatc Self-welded Spec1mens
Exposure Conditions _ - (in. -lb)

-+ | Temp., Time |Pressure . .- ' R .
Test No.|. (°F) | (hr) (psi) A-212to A-212|A-212t018/8 18/8to018/8
1 1,800 100 100 108.6 ' 5.0 |° '52.2

2 1,500 100 100 48.6 Not welded

3 1,200 100 100 _ 7.2 Not welded ‘

4 1,800 100 50 19.8 .91.2 10.8

5 1,200 100 l,Z.UU 84.(6 Not welded

6 , 500 500 100 64.6 .124.5° | .43.2

7 l 500 100 500 1187.8 195.0 13.5

8 800 1,000/ 34,000 In fu¥nace’ o 2

9 1,200{10,000]. 1,200 | In furnace "
. : . . ) Torque to Separate Self-welded Spec1mens
Exposure Conditions o ~(in.-1n) o

Temp Time |Pressure| Inconel to Inconel to
Test No.| ( F) (hr) (psi) Inconel 304 304 to 304
10 1,200 100 1,200 | Welded (not Not welded. - | Not welded
' tested) :

Fission-product Plateout (L. Zumwalt, E. Anderson, D. Busch,
J. Moses, W. Snow) o
The objective of this subtask is to measure the plateout. of selected
fission=product isotopes from a simulated EBOR coolant stream. . The
resulting data will be used to evaluate the problems that are assoc1ated with
(1) the fa11ure of a fuel -pin claddlng and (2) the use of vented fuel p1ns

Three runs to test iodine pla.teout on AISI 304 stainless stéel,
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ASTM 387B low-alloy steel, and AISI 1030 carbon steel have been completed.
Samples in the form of 0.5 in. bg 1.75 in. plates were exposed in dry

helium toa total of 2330 pg of 113l at a partial préssure of 1 X 10-6 atm

for 65 hr. The samples were held in a quartz tube maintained at tempera-
tures which decreased smoothly from 750° to 235°C (1380° to 455°F). -The
inlet helium carrier gas contained 100 ppm Oz, 370 ppm N3, and 4 to 6 ppm:
H;0. Helium flow over the samples was laminar (u = 1.62 ft/min at 750°C,

NRe = 64).

The"'l_oga,rithm of the plateout of iodine (or metal.iodides formed)
appears to be roughly inversely proportional to absolute temperature. The
relationship is shown in Figs. 3.1, 3.2, and 3.3, and the test results are
presented in Table 3.2. The "apparent Arrhenius activation energy' was
obtained from the plot of log plateout versus 1/T. This quantity is of
questionable physical significance but at least is a parameter indicating
the magnitude of the temperature effect - Calculations of apparent activa-
tion energies and plateout concentrations indicate that the plateout mechanism
may be somewhat independent of-the type of steel used.

. Table 3.2
PLATEOUT TEST -RESULTS...-

Average
s : Plateout® *| - ~AAAET -~ - -
Run Material (ng I/cmz) (kcal /mole I)
1 AISI 304 stainless
' steel 3.3 5.5
2 | ASTM 387B low-
“alloy steel 4.2 6.2 ;
3 | AISI 1030 carbon o
i steel 4.4 é__Z_
' Av. 5.3

b3

Over temperature range from 750° to 235°C.
TAppa.rent Arhhenius’ Activation Energy.

Before exposure to iodine, samples were degreased in a chlorinated
solvent, dried, and exposed at temperature to the helium-carrier gas for
65 hr. Substant1a1 oxidation and scaling occurred at temperatures above :
500°C. Corrosion of Type:387B low=-alloy steel .appeared to be greater . . -
than that of Type 1030 carbon steel. Corrosion of both steels was greater
than that of Type 304 stainleéss steel. Heat dlscoloratlon of the 304 stainless’
steel was observed above 500°C; oxidation and scale formation occurred

at 750°C.
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To .study the corrosion reactions further, two. gas chromatographs
and a moisture monitor were used to measure O,, N;, CHg, CO, COp,
and H20 inlet and exit concentrations during the sample-preparation stage
for run E-3 before the introduction of iodine. The samples were Type 1030
carbon steel. ~ After 48 hr of exposure at temperature (7500 to 235°C), the
incoming oxygen was apparently reacting with the carbon in the steel to
produce a corresponding amount of CO and CO;,. Prior to this '"equilibrium"
situation, the total amount of CO and CO; produced greatly exceeded that
which could result from reaction with the incoming O,. Carbon monoxide
and carbon dioxide were formed when the maximum temperature exceeded
570°C. None of the incoming oxygen reacted at temperatures below 100°C.
Inlet and exat O, concentration reactions occurred (or the CO.and CO, were
not released from the metal) between 250° and 570°C.

Tlf1e inlet and exit nitrogen concentration remained at 260 ppm
throughout the run. The inlet HZO concentration appeared to be about
4 to 6 ppm. Up to 330 ppm of methane was detected in the exit gas during
the first 1.3 hr of operation. A small amount of hydrogen was present in
the exit gas during much ot the run. kxposed samples have beén submitted
for metallographic analysis. ‘ :

FUEL-MATERIALS IRRADIATIONS (Task 23) (D. E. Johnson,
: D. Guggisberg)
The objective of this task is to determine the performance capabilities
of EBOR-type BeO—UO, fuel materials under conditions of hlgh temperature
reactor irradiation. _ ;

MGCR-4 Capsule

The MGCR-4 fuel-irradiation capsule was designed for studying the
effect of fuel particle size on the performance of the fuel pellets during
reactor irradiation at temperatures and heat-flux conditions that are of
interest' for EBOR program applications. Fuel pellets for the capsule
were fabricated at General Atomic and are composed of 30 vol-% UO2
dispersed in BeO. The UOZ is present in the form of fine (~10 i in
diameter) particles in some pellets, and in the form of coarse (~150 i in
diameter) particles in other pellets. The irradialion ol the capsule began
on June 16, 1961, and was uneventful during the present quarter. Nine of
the original ten thermocouples are still functioning in a normal manner.
A peak fuel-cladding surface temperature of approxirnately 1640°F is
being maintained.

MGCR-BRR-9 Capsule

The MGCR BRR 9 capsule was deS1gned and fabr1cated at Battelle
Memorial Institute under the terms of a subcontract; it is being irradiated
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in the MTR 'The capsule contains BeO—UO, fuel pellets that are 1dent1cal
to those be1ng irradiated in the MGCR-4 capsule described above. The
irradiation of this capsule began on November 9, 1961. 'Its operation since
that date has been normal. A peak fuel- cladding surface temperature of
‘approx1mate1y 1600°F is belng ma1nta1ned :

NONFUEL—MATERIALS DEVELOPMENT (Task 24)

BeO Irradiation (D. E. Johnson, F. H. Lofftus, D. Guggisberg,
B. Czech) :
The objective of this subtask is to measure the effect of irradiation
on'the behavior of BeO moderator ceramics during reactor irradiation.

The fabrication of the BeO -sp'ecim'ens for the MGCR-2 capsule was-
completed at General Atomic during the quarter. The fabricated specimens
are presently being ground to the requ1red f1mshed dimensions by an outside
company : - - :

An improved. device for the measurement of the thermal diffusivity of
the BeO specimens has been developed. The measurement of the thermal
diffusivity of the specimens that will be used in the -capsule and also of the
‘control specimens is under way for the hot-pressed materials and for 15 -
cold- pressed and s1ntered spec:1rnens ‘that have been procured frorn
manufacturers : :

Absorber Materials Irradiation (D. E. Johnson, B. Czech J. Furth,
: B. Morris) . <
The objective of this subtask is to develop absorber materlals for
use in the EBOR type reactor-control rods

The fabrication of the MGCR-7 capsule for the irradiation of control-
rod absorber materials was completed during the quarter. Specimens
contained in the capsule are composed of alumina with 5, 27, 47, and
67 wt-% dysprosium oxide. The capsule will be shipped to the test reactor
site when the approval of the AEC has been received.

Fuel-cladding Materials Development (W.L. Wyman, J. Wunderlich,
W. Ellis)
The objective of this subtask is to develop the technology of using
Hastelloy X as a fuel-cladding material for the EBOR type of reactor.

The EBOR is designed to use fuel pins ¢omposed of a Hastelloy X
tube 0.375 in.in diameter and 0.020 in. in wall thickness creep-shrunk onto
UO,—BeO fuel pellets. In this application, the cladding is sized onto the
pellets at high temperature and pressure in a gas autoclave. After the
cladding has been creep-shrunk onto the pellets, the temperature in the
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autoclave is reduced, with the result that a high residual stress is generated
in the cladding because of the difference in the coefficients of thermal
expansion for the fuel and cladding materials.

During the quarter, the residual stress in the fuel cladding that results
from the above procedure was measured by strain-gauge techniques. This
residual strain was found to be in the regionof 950t0 1100 p in./in. Using
the standard stress—strain relationship, the.stress corresponding to this
strain was calculated to be approximately 28, 600 psi. Since the relationship

S=Ea

is valid only if the proportional limit is not exceeded, it was necessary to
determine a precise value for the proportional limit of the Hastelloy X. The
results of the determination are presented in Fig. 3.4 and show that the
material exhibits a proportional limit of 29, 800 psi.

The value of 28, 600 psi for the residual stress in creep-shrunk fuel
cladding was obtained by applying strain gauges to the cladding and sub-
sequently removing the cladding from around the strain gauge, thereby
allowing relaxation. As a check on this method, a second set of specimens
was tested using internal gas pressure to produce the strain in the cladding;
strains were again measured with electrical-resistance strain gauges. The
thin-wall pressure-vessel formula was used to compute the stress values
for the cladding, and a value for the proportional limit of 27, 000 psi was
obtained. It is believed that this slightly lower value for the proportional
limit may be the result of a low rate of load application in the internally
pressurized specimens.

From the results of the experiments, it was concluded that the
residual stress in the fuel-pin cladding is near the proportional limit for
Hastelloy X.
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IV. SITE DEVELOPMENT

3

EBOR SITE DEVELOPMENT (Task 66) (W T. Furgerson, H N. Wellhouser,
: ‘ : C.. H. Carson)’ P
Preliminary design (T1t1e I) of tlie EBOR site was completed by
General Atomic and the architect-engineer in mid- September, 1961. Aside
from some modifications necessitated by,a change in the fuel- handhng
procedure, (1) 1ittle design work has been done on the site. Fmal design
of the facility (Title-II). will begm as. soon as the AEC completes contract
negotiations with thec archltect eng1neer . Meanwhile, General Atomlc is
proceeding with the Title II design as far as it pertains to. the1r ‘portion of
the project. This work" 1s generally limited to the purchase of certain
pieces of the equ1pment and is covered in Section I k

. REFERENCE

1. MGCR: Quarterly Progress Report for the Period Endlng December 31
1961 General Atomlc, Report GA- 2847 X
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