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ABSTRACT

Varlous mechanical problems prevented nuclear operation
of the Heavy Water Components Test Reactor (HWCTR) during
March and April 1964. Fabrilecation development wag initlated
on a set of uranium oxide driver tubes for the HWCTR. These
tubes will operate at condltions of interest for Ds0-cooled
power reactors and will increase substantially the utillization
of the HWCTR as a fuel test reactor. A series of physlcs
experiments on DgO-moderated mixed lattices was conducted ae
a test of calculatlional methods. An equation for prediction
of heat tranafer burnout for flow of subcooled water in annull
was developed on the basls of 193 burnout experiments. A
preliminary analysis indlcates that 1t 1s technlcally feaslble
to substitute liquid H,0 for liquld D0 cocolant in D,0-moderated
power reactors, but the economlc gain may be marginal. |
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HEAVY WATER MODERATED POWER REACTORS
' :PRQGRESS REPORT
MARCH - APRIL 1964

INTRODUCTION

This report reviews the progress of the Du Pont development
program on heavy-water-moderated power reactora, The goal of
the program 1s to advance the technology of these reactors 8o
that they could be used 1n large power statlons to generate
electriclity at fully competitive coste. Program emphasis 1s
belng placed on reactors that are cooled by liquid Dz0. The
prinecipal phases of the program are: (1) the irradiation of
candidate fuels and other reactor components 1n the Heavy Water
Components Test Reactor (HWCTR), (2) the development of low-cost
fuel tubes for use in large water-cooled reactors, and (3) the
technlcal and economlc evaluation of variocus reactor design
concepts.

SUMMARY

A series of .mechanlal problems precluded nuclear operation
of the HWCTR during this report period. Debris that was
introduced accidentally into the maln D0 system by dilalnte-
gration of a plywood line plug was removed, and moderator quallty
was restored to normal by deionization and flltratlon. Resumption
of reactor operation was delayed by fallure of (1) four Zircaloy
guide tubes for safety rods, (2) mechanlcal seals on the D0
pumps in the 1liquid D,0 loop, and (3) anchor bolts for the gas
baffle in the neck of the reactor vessel,

Fabrication development was initlated on a set of uranium
oxide drlver tubes for the HWCTR. The use of these tubes, which
wlll be lrradlated at condltions contemplated for UDp tubes 1n
" full-scale DyO~cooled power reactors, will increase substant-
1ally the utilization of the HWCIR as a fuel test faclility.

Further examinatione were made of UOp tubes that were
irradiated in the HWCTR to a maximum exposure of 9350 MWD/MTU
at a peak fkde of 25 watts/cm. The core appearance and flssion
gas release in these tubes were conslistent with earlier obser-
vations on other UD, tubes. Examinations were started on two
assembllies of UQ, tubes that falled at low exposures and
relatively high thermal ratings (1700 MWD/MTU at [kdf of 56
watts/em and 1120 MWD/MTU at 68 watts/em). Sheath fallures
were dlscovered in one tube from each assembly; the causes of
the fallures have not been ldentifled yet. Part of the U0,
in the assembly that operated at 68 watts/cm melted during
lrradiation.
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A seriea of experiments on DpO-moderated mixed lattices
was conducted 1n the Process Development Pile {PDP); the
objective was to obtain data for a test of existing calcu-
lational methods for predicting the physles parameters of
such lattices. Good superflcilal agreement was obtalnzd between
the experimental results and the calculations, but a detailed
examinatlon of the results and a comparliscn wlth other data
cast doubt on the significance of the agreement. Attempts
are being made to modify the calculational methods to improve
the agreement in detall.

An emplirical equation was developed for the prediction.
of heat transfer burnout for forced flow of subcooled water
in annull. The equation fits the results of 193 burnout tests
with a standard deviation of 9%; maximum deviations of the data
are +26 and -23%. The equation applies for system pressures
of 25 to 1200 psia, water veloclties of 5 to 42 ft/sec, and
subcoolings of 10 to 95°C (18 to 171°F).

A preliminary investigation was made of the feasibility
of usling liquid Hp0 coolant in a Dg0-moderated power reactor.
The results indlcate that HpO coolant 1s technlcally feaslble,
hut that the economle galn 1s marginal 1f Do0 losses in a Dg0-
cooled reactor can be held to 2 to 3%/yr of the inventory.

The major dlfflculty with H,0 ccolant 1s the positive coolant
coefficlent of reactivity and the attendant problems of reactor
stabllity and control., It appears posslble by proper design

of the fuel assembly (nested UOp tubes) to reduce the power
coefflcient of reactivity with HpO coolant to zero or to a
small negative value.
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DISCUSSION -
I. THE HEAVY WATER COMPONENTS TEST REACTOR (HWCTR)

The HWCTR is a DpO-cooled-and-moderated test reactor in
which candidate fuel assemblies and other reactor components
are belng evaluated under conditions that are representative
of large Dy0-moderated power reactors. Currently, fuel
assemblles of uranium metal (coextruded with Zircaloy cladding)
and assemblies of uranium oxide (mechanically compacted in
Zircaloy sheaths) are in this reactor for irradiation testing.

A. REACTOR OFPERATION

Varlous mechanical abnormalitles prevented nuclear
operation of the reactor during March and Aprilil.

The pleces of the plywood line plug that dlsintegrated
in the main Dp0 coolant system (see DP-895) were removed
manually from the screena above each fuel assembly and from
the top face of the horlzontal shield. All of the debrls was
removed, as evldenced by the faet that collection on the
gscreens gradually decreased and finally ceased. The soluble
and flnely divided contamination from the plywood and masonite
parts of the line plug was removed in the moderator purification
system., The heavy water was pumped through a D-0D lon exchange
regin rather than the usual 11-0D resin, and then through a
filter. The turbildlty, color, and organic content of the D0
were returned to normal in two to three days. Lithlum hydroxide
was added to the effluent from the purification system to adjJust
the pD to the normal operating range of 10-11 before the DL0
was returned to the reactor.

During a program of heatlng the heavy water 1In the reactor
system to 200°C with pump heat, one or both mechanical meals on

" the shafts of the circulating pumps 1n the llquid-cooled

L

lsclated loop opened and released enough D0 to overflow the
seal leak collection system. The reactor was rapidly cooled
and depressurized, and the D.0 escape was limlted to 2000
pounds. About 1500 pounds of Ds0 was recovered from the
building sump at 90% purity. Detalled examination of the

geals and the seal supply system did not reveal definitely

the cause of the seal leakage. The seals were in the closed
position when removed from the pumps and were in good mechanlcal
conditlon. The most likely cause of the failure was a
malfunction in the D0 supply aystem to the seal cavity. This
system was overhauled and 1s now functioning properly; measures
are belng taken to decrease the possibillity of seal supply
malfunetion.

e
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During tests of the safely rod drop times, one rcd dropped
excesslvely fast and was not hydraulically decelerated at the
bottom of its fall. An examlnation in the reactor revealed
that the Zircaloy gulde tube for the safety rod was broken
near the point where the gulde tube 1s reduced in diamster
to produce hydraulic deceleration of the rod (see Figure 1).
Subsequent examination also revealed a longitudinal split
about 30 inches long beginning in the'regipn of dliameter
reduction and running toward the bottom of thé guide tube
(see Pigure 2). Splits or cracks were also discovered in
three of the other five gulde tubes; the remaining two
appeared to be undamaged. All of the gulde tubes were replaced.
The tubes removed from the reactor are belng examined in detall
to obtain the data required for a new gulde tube design.

In the course of these inspections of the interior of
the reactor vessel, 1t was observed that two bolts in the legs
that support the gas baffle were completely severed. The bolt
heads were found on top of the horizontal shield and were
removed. The bolts are 17-% PH steel in the H1100 condition.
The cause of bolt fallure camnnot be determined with assurance,
but examinatlons 1ndicate that they falled from overextension
rather than fatigue, and that the fallures occurred some time
ago. The support structure for the gas baffle was removed
and replaced with one of increased strength and rigldity. Bolts
of "Inconel" X* were used to fasten the new support structure
becauge of thelr greater tenslle strength and fatigue resistance
as compared to 17-4 PH steel. '

B. POSTIRRADIATION EXAMINATION OF DRIVER FUEL TUBES

1. Tubes from First Driver Cycle

Postirradlatlon examinatlions of two U-Zr driver fuel
tubes from the first HWCTR driver cycle showed good dimensional
stabllity of the drivers under conditions existing in that
eycle. The tubes were utlllzed 1n the reactor from lnitlal
atartup (October 1962) until November 1963, at whiech time
driver reactivity became too low to malintaln desired
lrradiation condltions in teat fuel assemblies; they were
then replaced by a second set of drivers. These two partlcular
tubes were selected on the basis of thelr exposures and
operating temperatures, which were the highest of the 24 tubes
in the first charge. Both were inspected on previous occaslons, s
and the lnepectlon described hereln completed the history of
their dimenslcenal behavior during operation.

The driver tubes contain fuel cores of UZ®® (93% enrich-
ment) alloyed with zirconium; the total uranlum concentration
is 9.3 wt %. The tubes were fabricated by coextrusion in

*"Inconel" 1s a trademark of International Nickel Co.
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Zircaloy-2 sheaths. Driver fuel tube No. 22 was irradlated

to a maximum fission burnup of 1.89 atom % at a time-averaged
maximum metal temperature of 498°C. The outside diameter of the
tube decreased 14 mils (0.6%) over a section 18 to 33 inches
from the top and inereased about 5 mils (0.2%) over a section
60 to 78 inches from the top. Maximum cladding straln, calcu-
lated on the basis of the maximum increase 1n outside diameter,
was 0.17%. The inside diameter decreased an average of about
8 mils (0.4%). The maximum volume increase was 3.6%. The
changes in the 0D, ID, and velume are plotted lmpllclitly as
functlons of exposure 1ln Figure 3.

Driver fuel tube No. 48 was irradiated to a maximum
fisslon burnup of 1.80 atom % at a time-averaged maxlimum metal
temperature of 485°C. Changes in the outside diameter of the
fuel tube varled from a 0.7% decrease to a 0.3% increase. The
maximum cladding strain caleculated on the basis of the maximum
increase in outside diameter was 0.28%. The maximum volume
inerease was 5.0%. Inspection data for this tube are presented

in Figure 4.

The final dimenslonal and volume changes over most of
the length of both fuel tubes closely parallel those observed
i1n the earlier examinations. Exceptlions are the comparatively
large decreases in volume at the top of tube No. 22 and at both
ends of tube No. 48. The maximum volume lncreases were much
less than were predlcted for fuel of this composition under
the stated conditions of burnup and temperature.

2. Tubes from Second Driver Cyecle

The second set of HWCTR driver assemblles are of the
same design as those of the firast set, but have operated
at higher metal temperatures (540°C vs. ~500°C maximum). Two
tubes from the second set were removed from the reactor for
examination after irradiation to a maximum fission burnup of
0.34 atom %#. Average dimensional changes were as follows:

Fuel Tube No. 1 18
Change in 0D 0.2% decrease 0.2% decrease
Change in ID 0.1% increase <0.1% increase
Change 1n volume 1.8% decrease 1.2% decrease

On the basls of these results and postirradiation data from
the first driver set, a declslon was made to increase the
operating temperature of the drivers to a2 maximum of 580°C.
The objective 18 to increase specific powers in test fuel
assemblies in the HWCTR. PFurther interim examinations wlll
be made to observe dimensional changes in the drivers at the
higher temperature.

-9 -




. REACTOR PHYSICS

A. FIUX DEPRESSION IN HWCTR BAYONET

It was reported in DP-865 that a struetural faillure
occurred in the Zircaloy-2 bhayonet of the HWCTR bolling Do0
loop, and that 1t was necessary to remove the bayonet from
the reactor., .In order to increase the strength and to
decrease the cost of a replacement bayonet, stainless steel
was speclfled as the material of construction. To provide
data for design of the stalnless steel bayonet, measurements
were made in the Suberitical Experiment (SE) of the neutron
flux levels and cadmlum ratlos in the bayonet as functions
of 1ts wall thickness. Although the stalnless steel will
depress the neutron flux inside the bayonet, the measurements
show that the flux will be high enough for meaningful tests
of fuel elements at conditions representative of thase expected
in power reactors. Accordingly, deslgn is proceeding with
stainless steel as the materlal of conatruction. The SE
measurements are described below.

In the performance of the experiments, the SE was loaded
uniformly on a T=-inch triangular lattice piltch with the slightly
enrlched uranlum tubes shown in Flgure 5. The lattice arrange-
ment 18 1llustrated In Figure 6, which also ldentifies the test
assembly (No. 1) and the two reference positions (Nos. 2 and 3).
The fuel at these three positions was machined to accept bare
copper foils and cadmium-covered copper foils. The moderator
purity was 99.5 mol % D,0.

Fuel 1rradiatlons were made with the central fuel tube |
bare, with it housed in an aluminum tube (5.000=-inch OD x
0.250-inch wall), and with it housed in type 316 stalnless steel
tubes (5.563-inch OD x 0.258-inch, 0.500-inch, and 0.750-inch
walls). The aluminum housing tube provided a moeckup of the
Zirconium housing used in the origlnal bayonet design, while
the stainless steel tubes covered the range of possible design
thicknesses. Table I llsts the thermal flux ratlos observed
for the test and reference positions under the various test
condltions. These data are also plotted in Figure 7. They
are corrected for the over-all flux dlstribution in the SE.
Table IT illustrates the flux-hardening effect of the stainless
steel tubes in terms of the measured cadmlum ratlios at each of
the three measurement positions. The differences between
cadmium ratios at the three positions are plotted in Figure 8
as functions of the wall thickness of the stalnless steel tubes.
These data are In good accord with lndependent calculations.
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B. BUCKLINGS 0F1~--E;I2EED=--QAE‘I‘ ICES

It is anticipated that:many power reactors will ultimately
operate with mixed 1stticesy i.e., with lattices that contaln
two or more-different types of fuel assemblies. This situation
could arise, for instance, when part of the fuel is recycled
or when isotope production is comblned with power production.
Calculational methods exlst which treat such situatlions, but
very little experimental information has been avallable to
test these methods 1in DzO0-moderated lattices. The followling
paragraphs discuss a serles of mixed lattlce experiments that
were conducted in the Procesas Development Pile (PDP) with the
obJectlve of providing the redqulred data.

The lattice components in the PDP experiments were limlted
to avallable items of slmple design, such as single rods or
tubes, whlle the lattlces themselves were chosen for convenlence
of predicted ceritical moderator helght. Each lattlce contalned
85 elements at a T.00-inch triangular lattice pitch; with one
exception, the lattices were surrounded by a boundary of 36
polson rods. The lattice components are shown 1n Filgure 9, and
the lattice patterns are shown in Figure 10.

The experimental measurements determined the vertical
and radial bucklings and the neutron density ratios among the
different lattlece components. Vertleal flux traverses to
determine the vertlecal extrapolation distances were obtalned
by irradiatling gold pins. To obtaln the vertical buckling,
these extrapolation distances were sapplied to the critical
moderator helghts measured with the gold removed. A small
correction was made to this buckling to account for the presence
of aluminum guide tubes for control rods. Radial bucklings
were derived from the extrapolated lattice radlus, as indicated
by the irradiation of copper foils in simlilar types of rods
throughout the lattice or by the irradiation of gold pins 1in
the centers of simllar types of tubes. Neutron denslty ratlos
among the dilfferent lattlce components were obtalned by
irradlating copper folls which had been machlined to the same
dimensions as the various lattice components. Cadmium-covered
copper folls were placed at a different level o allow the
eplcadmlum activity to be subtracted from the bare foll activity
in these measurements. A correctlon for the radilal flux shape
in the pile yielded the ratios of thermal fluxes averaged over
the different lattice components 1n a flat radial flux. Thermal
absorption ratioz were derlved from these measured neutron
densitles. The moderator purity was 99.58 mol % D20, and the
moderator temperature was 19°C for the serles of experiments.

Results of the measurements are presented in Table III.
Unless one considers the poison ring in lattlce 2 to meet the
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requirement, Iattices 1 and 2 are not mixed lattices. These
one-component lattices were inecluded to provide an initlal
test of the caleculations wlthout the complicatiéns: of mixed
lattices. Iattlce 3 1s, however, a mixed lattiée with'a 3:1
ratic between components; Iattice 4 has a 2:1'ratio‘and -
Iattice 5 a 17v1:1 Patlo. In addition to the 'patterh shown in
Flgure 10, ILattlce 5 was rearranged to form the Ssame pattern
centered on a fuel rod rather than on a fuel tube. Fach
lattice was surrounded by moderator extending to the wall of
the PDP tank, which has a radius of 247 cm.

In order to establlish the preclsion of the thermal neutron
denslty ratios, two additional flux ratlio measurements were made
with Iattice 5. These measurements, ylelding more scatter in
the results than one would expect, indicated that an uncertalnty
of +2% should be assigned to a single measurement of flux ratio.

'The vertleal and radial buckling results should have an accuracy

of about 4 uB.

Two different calculational techniques were applied to
the analysils of these experiments. One of the technigques 1s
based on the source-sink methods as encoded in HERESY.(?) The
other 1s based on the more conventional multigroup diffusion
theory methods as encocded in PDQ-3 code.2) Both of these
codes require extensive input calculations, primarlily to compute
the fuel assembly absorption parameters (v for HERESY and s
for PDQn}}. These input parameters were obtained from the
THERMOS{2? and BSQ(4) codes. A comparison between the experi-
mental numbers and the HERESY and B3Q results iz shown in
Table IITI. A detailed examinatlion of the calculatlons and a
comparison with other heterogeneous lattices investlgated at
Savannah River cast some doubt on the slgnificance of the
good agreement shown in the table. The difficultlies seem to
be primarily in the THERMOS-BSQ Input calculations. A somewhat
laborious method for improving the calculatlions was devised
on the baslis of 1terations between the THERMOS and PDQ calcu-
latlons. In the lterative calculations, the results of the
firat PDQ run i3 ugsed to assign areas of the moderator to be
agsoclated with each of the lattlce components. A new THERMOS
calculation 1s then made on the basis of these moderator areas,
and the results are agaln substituted into the PDQ code, etec.
Two i1terations appear to glve satlisfactory convergence. An
attempt 18 belng made to develop a faster substitute for the
iterative procedure.
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Iil. REACTOR FUELS
A. GENERAL

Two types of Zircaloy-clad fuel elements are under develop-
ment iIn the Du Pont program on Dp0O-co00led power reactors:
mechanically compacted tubes of uranium oxlde, and coextruded
tubes of uranium metal. In the development of these two fuels,
primary attention 18 being given to fuel element designs and
fabrication methods that offer promlse of low fabrication costs
when the elements are preoduced in the volume required for
several full-scale reactors. At present, the uranium oxide
tubes are recelving program emphasis pending the outcome of
current irradiations of both types of fuel in the HWCTR.

In additlion to the program on uranium fuels, a modest
irradiation program has been initlated on thorium fuels (see
DP-886). The ultimate obJective of thls program 18 to develop
fuel elements that would be sultable for use in DpO-thorium
breeder reactors.

B. URANIUM OXIDE TUBES

1. Fabrication of Irradiastlon Specimens

Fabrication started on short irradiation speclimens of a
large oxide tube (3.7-inch OD) that is similar in size to the
outer fuel tube 1n the three-tube zsasembly described in DP—S}O.(s)
This 18 the largest tube on which a fabrication attempt has been
made thus far. Seven test pieces, each about 1 £t long, will |
be zassembled into a fuel column for 1rradiation in the HWCIR
at thermal ratings (fkd®) as high as 30 watts/cm and exposures
as high as 30,000 MWD/MTU. One column for flow testing has
been completed, and two columns for irradiation wlll be
completed in May (assemblies SOT-8-2, S0T-8-3). The irradiation
specimens contain fused and crushed UQ, cores compacted by
vibration-plus-swaging to greater than 90% of theoretical
density. The UQs; in the 1rradiation specimens was enrlched
to 1.2% U%*® by mechanically blending natural U0, and 1.5%
enriched U05.

2. Electron Beam Welding Facility

An electron beam welding facllity 1s belng installed at
the Savannah Rlver Iaboratory to develop welding techniques
for attaching spacer ribs to the Zircaloy cladding of power
reactor fuel tubes. Initlal tests at Dresser Products, Inc.,
indicated that electron beam welding 1s & feasible method of
attaching spacer ribs to fuel or housing tubes (DP-B45, DP-.855).
The new facllity contains a high-voltage welder (150 kv - 6 kw
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rating) modified to accept 16-inch-dlameter, 16-ft-long
extenslons to each end of the vacuum chamber. A feeding
mechanism will move tubes (up to 15-1/4 ft long) beneath the
electron beam; accurate positioning of the tube 1s obtained
by a separate guldance system. The tube can be rotated or
indexed while in the chamber extension to make clrcumferentlal
welds or to attach several longltudinal spacing ribs with a
single pumpdown cycle. Deslgn of the faclllity is complete,
and the welding machine 1s Installed and operating. The
chamber extensions, drive mechanism, and guldance system willl
be Installed in May. ' :

3., 0Oxlde Driver Tubes for the HWCTR

At present, 24 of the 26 fuel lattice positions of the
HWCTR are occupled by driver fuel assemblies that contaln fuel
cores of uranium-zirconium alloy (9.3 wt % U). Since core
compositions of thls type are not belng consldered for use in
Da0-moderated power reactors, the lrradlation experlence being
obtazined with the drivers contributes little to the program.

To overcome this dlsadvantage, and thereby to inerease greatly
the effective utilizatlon of the HWCTR as a fuel test facllity,
plans are being made to produce driver tubes of uranium oxide
and use them 1n the reactor as soon as possible.  The concepftual
design of the oxlde driver assembly specifles two nested tubes
of mechanically compacted UO, (45% U?®S) in Zirealoy-2 sheaths.
Fabrication techniques and irradiation conditions will be those
of direct interest for Dp0-cooled power reactors.

As the first step in adapting mechanical compaction
techniques to the oxlide drivers, loading tests were hegun on a
mockup of the outer oxide tube. These tests are almed at
developing technliques required to load this size element to at
least 82% of theoretical denslity with a maximum core thickness
variation of *5%. 'The mockup element is 9 £t long: after
swaglng, the 0D and core thlickness are expected to be about
2.54 inches and 0.178 inch, respectively. Core densities in
the first two loading tests were satlsfactory (82 to 82-1/2% of
theoretical), but wall thickness varlations were excessive
(#11 and #14%). The tubes willl be unloaded and then reloaded
under dlfferent loading conditions (smaller increments of UOz
charge) to determine the condltions that result in acceptable
core densitles and thicknesses.

4., Postlrradlation Examination of Irradiation Specimens
Agsembly SQT-1-3

Analyses of pgases released from the oxide core durling
Irradlation and postirradiation gectioning were completed on
the geven ashort fuel tubes from the S0T-1-3 assembly. These
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fuel pleces were lrradlated without incldent to a burnuﬁ-of
9,350 MWD/MTU at a peak thermal rating of 25 watts/em. The
irradiation conditions and pertinent informatlion on the.
fabrication histories are shown in Table IV preliminary
inspection results were reported in DP-895. ‘

The analyses of the free gas in the tubes after irradlation
are listed 1n Table V. The two elements that operated at- the
highest power {about 22 watts/cm, time-averaged peak [kd®)
released 8 to 13% of the total fisslon-product xenon. - The
percentage release of xenon varled with thermal rating in a
manner conesistent with that observed in tubes irradlated
previously to lower exposures (DP-875}; the data are shown in
Figure 11.

" The appearance of the U0p cores was conslstent with that
of tubes irradlated earllier at simllar thermal ratings. Tube
ZE-225E (max. [kd6 of 25 watts/cm) exhiblited interparticle
eoheslon and gross cracking of the core, but no evlidence of
columnar grain growth.

Assembly S0T-5-2

Examinatlon of the fuel pleces from assembly SO0T-5-2 is
underway. This agsembly of seven short U0z tuhbes was
discharged from the HWCTR hecause of a sheath fallure after
operation to a pealk exposure of 1700 MWD/MTU at a maximum
thermal rating of 56 watta/ecm. The irradiation conditions
and fabrication data are shown in Table VI.

A small hole was detected 1n element Z-259D by pressurlzing
the core space of the tube with argon, immersing the pressurlzed
tube 1n water, and searchlng for bubbles. The hole was 1n the
Zircaloy outer sheath over the U0, core, but could not be
ldentifled by 20X visual examination. A sectlon ¢f the sheath
containing the defect was removed from the tube for further
study. A small area of the inner surface of the sectlon
exhiblts a white deposit, possibly zirconlum oxide, In the
viecinlty of the defect.

Moderate ridging of the outer sheath occurred in one of
the two tubes lrradiated in assembly S0T-5-2 at the hlghest
rating (51 watts/em). Tube Z-261D, fabricated with a swaged
core of about 89% of theoretical density, ridged slightly but
did not fail during irradiation; the ridge was about 7 inches
long and increased the dlameter of the outer sheath by about
0.034 inch. The element that failed, Z-259D, was fabrlcated
to about the same core density (89-1/2%), and also operated
at 51 watts/ecm, but did not develop a sheath ridge.

- 15 -




Analyses of the free gas in the S0T-5-2 elements are shown
in Table V. The percentage release of fission—prbduct Xenon
is shown in Figure 11 as a function of” th“'h'rmal rating of
the elements.f The xenon release inereased i_ arly with .
thermal rating from about 25 to 65 watts/em (the highest rating
at which data are avallable). Also, the release was substantially
lower for tubes that contalned substoichiometric U0s than for
tubes with stolchiometric UOz.

The nltrogen released during lrradlation of vacuum-outgassed
U0y varied from 1 to 12 cec/kg UO» (STP) and averaged 8 ce/kg UOp.
This result compares favorably with the behavior of the SOT-1-3
elements, which released 26 to 101 cc/kg U0z of nitrogen
(average: 65 ce/kg UOp). The data demonstrate the greater
effectiveness of the outgassing conditions that were used in
preparing the U0, for the SOT-5 elements. The nitrogen released
in the three SOT-5-2 elements that contained hydrogen-annealed
or substoichlometric U0, was extremely low, indlecating that
alternative ways of controlling the release of sorbed gases
from fused UQ0, durlng irradiation are feasible.

Assembly S0T-7-2

Examination of the fuel pleces from assembly SOT-T7-2 1s
underway. This assembly of seven short UQ, tubes was discharged
from the HWCTR because of a sheath fallure after maximum
exposure of 1120 MWD/MTU was reached at a maximum thermsl
rating of 68 watts/em. The irradistion conditions and fabri-
cation data are listed in Table VII.

A hole was detected in the inner sheath of tube ZE-2664,
the hottest tube 1n the assembly. The hole was about 0.050
ineh in diameter and was located over the void chamber near
the top of the tube about 0.2 inech above the top end of the
core. The nature and cause of the fallure are belng lnvestigated.

Core sections near the top of this tube revealed that the
tube operated with part of the U0, molten. A 1-1/2-inch-long
annular vold in thls region apparently resulted from shrinkage
of the molten core on solidification (Flgure 12). Some of the
U0, penetrated into the upper void chamber; in the viclnity
of the fallure, the septum between the core and vold space was
deformed inward toward the vold. The outer sheath of the tube
was8 bulged over most of i1ts lower half. The maximum increase in
dlameter was about 0.072 inch (3.5%), and the average lncrease
in OD was about 0.040 inch; the core volume increased 4%.

Assembly S0T-7-2 contalned six other tubes that operated
satisfactorily; core sections from tube ZE-266C indicate that
this tube alsc operated wlth central melting of the core.
Examination of these tubes is 1in progress.

- 16 -
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iVv. HEAT TRANSFER BURNOUT IN SUBCOOLED WATER

In DP-725, experlmental data were pregsented on heat
transfer burnout for forced flow of subcooled water in tubes
and annull at pressures up to 1000 pela; correlating equations
for the data also were presented. Subsedquently, additional
data were obtalned at the Savannah Rlver Laboratory and at
Columbla University for flow in annuli. On the basls of the
new data, whlch extend the range of test condltions, a new
correlating equation was developed. This equatlon, which 1s
now belng used for calculation of burnout heat fluxes in HWCTR
fuel assemblies, 18 dlscussed in the followlng paragraphs.

The results of 193 burnout tests with annular coolant
passages were correlated by the following empirical equation:

by = 257,000(1 + 0.040V)(1 + O.OBOTS)

The nomenclature and ranges of variables that are correlated
by the equation are as follows:

®BO = heat flux at burnout, 10° peu/(hr)(ft®): 0.5 to 2
V = veloclty of coolant, ft/sec: 5 to 42
Ty = subcooling, °C: 10 to 95

Pregsure, psia: 25 to 1200
Length of heated surface, inches: 19 to 40

Annulus diameter of curvature, 1lnch:
ID, 0.5 to infinity; 0D, 0.75 to infinity f

Equivalent diameter, inch: 0.25 to 1
Flow of water vertlcally downward

. The experimental data fit this equatlion with a standard
deviation of 9.1%. The maxlimum deviations are +26.1 and -22.84.

The burnout data were obtalined at Savannah River wlth a
rectangular channel heated on one alde and with an annulua
that was heated on its inner wall. This equlipment 1s described
in Reference 6. The Columbia University experiments were
performed on an annulus formed by large-dlameter tubes, as
described in DP-805. A total of 223 applicable tests were
obtalned with the three test arrangements. Seven tests were
omitted from the correlation because of poor heat balances, and
one because of a suspected hot spot. Twenty-two other tests
were omitted because the subcoolling and veloclty were beyond .
the ranges in which the linear relationships of the correlation
are valid.
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The burnout heat fluxes 1n the 22 teats where the
subcooling was less than 10°C regardless of veloclty, or less
than 20°C at velocities below 5 ft/sec, were higher than would
he caleulated by the new burmout equatiori. These 22 polnts are
identified in Figures 13 and 1%, which show the fit of the
equation throughout the ranges of velocity and subcooling. As
illustrated in the figureg, the correlation 1s conservative by
as much as U5% for the three following combinations of veloelty
and subcooling: <42 ft/sec, <10°C, <10 ft/sec, <159C; and
<5 ft/sec, <20°C. The mechanlism responsible for the departure
of the data from the linear relatlonships at low subcooling
and low velocity has not been ldentified.

-The burnout heat flux was not affected by the system
pressure. The teat results are plotted agalnsi pressure i1n
Figure 15. This flgure shows no conalstent drift of the data
from the correlation; the standard deviation of the correlation
could not be decreased signlificantly by includling a pressure
term in the equation.

The correlating equation of DP-T25 18 as follows:

@Bo = 490,000(1 + 0.C40V) (1 + O.OlOTS)

This equation and the new eguation are compared in Flgure 16
with each other and with the experimental data.

V. REACTOR DESIGN AND EVALUATION STUDIES

One of the disadvantages of using heavy water to cool a
power reactor is the cost of the D20. The caplital cost of the
D,0 inventory is an important component of the power generation
cost, and extreme care must be taken to limlt D0 losses during
reactor operstion. For these reasons, light water is of interest
as an alternative coolant. There are two situations to conslder:
(1) design the reactor for the excluslve use of light water,

(2) design for heavy water cooling, but employ light water
durding inltlal stages of operation to greatly reduce the risk
of loslng a large amount of D0 during this period. The
following paragraphs discuss a prellminary study of the
feasibllity of liqulid HsC cooling.

The majJor difficulty in the use of light water ccolant
results from the positive coolant coefficlent of reactivity
and the attendant contreol and stability problems. A preliminary
analysils indicates that 1t 1s possible to decrease the poslitive
coolant coefficlent suffieiently to make thls kind of operation
feasible. To reduce the coolant coefficient, the fuel assembly
must be deslgned for low volume of Hp0. With the smaller coolant
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passages, the coolant veloclty and pressure drop will be
correspondingly increased. If Hy0 1s to be used on an lnterim
basisg, sufficlent pumping capabllity must be provided in the
original reactor design to accommodate the hlgher head loss.

The basis for the preliminary study was a DgO-cooled
reactor fueled with nested tubes of UO,. The fuel assembly
deslgn for the Dp0-cocled reactor was modifled for Hz0 cooling
by placling a Zr-clad magneslum flller-rod at the axls of the
assembly, thus reducing the coolant volume by about 20%. The
fuel assembly dimensions for the D,0-cooled design and the
modified deslgn are listed 1n Table VIII. To remove the same
power, the coolant veloclty must be increased from about
45 ft/sec for D0 to about 60 ft/sec for Hz0. Reactivity
coeffielent caleulations for the modifled design are summarlzed
in Table IX, where they are compared wlth the calculations of
the coeffilelent for HoO subatltution in the original fuel
design. These calculatlions were performed for fuel having the
following assay: UZ°%, 0.40%; Pu®®®, 0.29%; Pu®*', 0.025%); and
Pu®*®, 0.10%4. This assay corresponds to the composition of
fuel in the reactor at the end of a fuel cycle.

The major positive component of the prompt coefficlent
of reactivity results from the change in the thermal utilization,
£, due to the density change of the light water. The major
negatlve component ls that related to the Doppler broadening
of the U?2® resonances. The calculations show that the net
prompt cocfficlent 1s reduced from +22 to +6 x 107° k/°C of
coolant by making the fuel design modification. There are
at least three other components of the reactivity coefflclent
which were neglected; all three are negative. These are (1) the
Doppler coefficient assdeiated with the Pu®*® resonance, (2) the
effect of epithermal captures in the fuel, and (3) the effect
of reactor leakage in the buckled zone. It is concluded that
these factors, In addltion to other reasonable modifications
of the fuel assembly, will be sufficlent to reduce the prompt
coefflclent to zero or to a s8llghtly negative value.

Replacement of Dp0 coolant by HoO produces cost reductlions
due to the savings in D,0 inventory and a decrease 1n Dp0
losses. These reductions are offset by cost lncreases that
result from (1) an Increase in U2%® enrichment for the same
fuel exposure to compensate for the neutron absorptions in
H-0, and (2) an increase in the cost of pumping because
of the higher head loss across the reactor core. Prellminary
estimates indicate that i1f D,0 losses in a Ds0-cooled plant
can be limited to 2 to 3%/yr of the inventory, the savings in
Dz0 cost in an H_ 0-cooled reactor are nearly counterbalanced
by the higher uranium and pumping costs. Further design and
cost evaluations of Ho0 cocling will be made so0 as to obtain a
firmer estimate of the relative economlces of the two coolants,

- 19 -
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Test Assembly Housing

Thermal Flux Ratios in Stailnless Steel Bayonefs

TABLE I

(Data from Subcritical Experiment)

o /0y(a) ©,/0.(a) . /8,(b) 0 /0.(b)

0.26"
0.50"
0.75tl

stainless steel 0.5792  0.4596  0.594%1 - 0.4872
stainless steel  0.4044 0.2000 0.4148 0.307%
stainless steel 0.2863 0.1954 0.2937 0.2071

(a)
(b)

Normalized to reference run with no housing tube; subscripts
refer to posiltion numbers in Figure 6.

Normalized to run with 0.25-inch Al housing; sSubscripts
refer to position numbers in Flgure 6.

TABLE TT

Cadmium Ratios in Fuel Tubes in SE Experlments

(0.010-1nch-thick Cu foils)
Assembly Assembly Assembly

Test Assembly Housing #1 #2 . #3

None i2.7 13.1 13.1
0.25"  aluminum ‘ 12.2 12.5 12.3
0.26" stainless steel 8.4 12.1 12.8
0.50" stainless steel 6.5 11.3 12,9
0.75" stainless steel 5.1 11.5 13.1

Note:

See Figure 6 for location of assemblies
in lattice.

- 20 -




TABLE III

Comparlson of Experimental Bucklings
wlith Predictions of HERESY Code -

Experiment HERESY
Lattice(a) Cogponents(b) Eg, Eﬁ:_ EEL "iﬁl ZE:
1 III 269 - - 272 -
2 III/V 98 531 629 105 534
3 /v 97 502 599 78 517
I I/II1/V 223 524 T4T 228 515
5 I/11/111/V 34 518 859 380 514
(I centered) _
5 1/11/111/V 334 - - 372 523
(III centered)
Thermal Neutron Absorption Ratios(c)
Asgemblies
Lattlice Ratloed Experiment HERESY
3 v/IV 1.46 £0.03% 1.45
L I/I1I 3.36 $0.07 3.61
5 I/111 3.28 +0.05 3.62
I/11 1.64 £0.04 1.76
II/III 2.00 $0.0L 2,06

(a) See Figure 10 for lattice descriptlona.

(b) See Figure 9 for component descriptions. .

(¢) The following values from THERMOS were used to calculate
absorption ratios from neutron density (n) ratios.

$

1

(Bbsorption = ngy, + = + Z_ - Area)
Component $/n Zye oM
I 1.4463 .24285
II 1.3%848 30678
III 1.2937 . 27304
IV 1.2638 19732
vV 1.3387 .51355
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TABLE IV

Characteristics and Irradiation Conditlons of
U0, Tubes in Assembly S0T-1-3

Core Jkde, watte/cm
Methed Density, Average  Time=- Peak
of (b) % of in Time  Averaged Maximum Burnup, -
Tube No. Compaction Theoretical and Space Peal Peak  MWD/MTU jif
VZB-23EF(a) v 84,3 e 7.5  12.2 3450
ZE-2254 V48 90.1t 11.1 13.6 19.7 6000 :
ZE-228D v 84,1 16.8 18.9 22.6  8uTs
ZE-225E V+5 90.5 21,0 21.6 25.2 9350
ZE-228¢ v 85.5 20.4 20.8 24.5 9350
ZE-222G V+3 90.6 16.0 18.7 21.8 8175
ZE-226B v 84.3 9.3 12.6 13.9 5400

(a) A1l tubes contained stoichiometric U0z, enriched to 1.5% U285, vacuum
cutgassed at 1000°C.

(p) Vv - compacted by vibration only.
V458 - compacted by vibration followed by swaging.

TABLE V
Free Gas in Irradiated UQ. Tubes

Xenon
Initial Release,
Gas Release (Major Constituents Only), Volume Free % of that
>_cc/kg U0, at STP of Hé + A, Volume, Produced
Tube No. Total fé Na Do He A ce at STP co by Fission
Asgenbly SOT-1-3 )
ZE-232F 48 0.90 25.5 © 20.1 1.02 47,2 55 1.9 i
ZE-225A 97 3.1% T4 0 15.7 2.58 42.6 4 3.4
ZE-228D 94 5.7 61 0 24,7 1.42 58.2 56 4.0
ZE-225E 135 13.8 101 0 13.6 4.5 43,7 1 8.0
ZE-228G 136 22.2 83 0 26.1 0.15 59.3 53 12.9
ZE-2226 76 7.1 ig 0 15.4 3.5 45,2 40 5.2
ZE-228B 93 1.82 66 g 23.8 0,50 54,1 56 2.4
Assembly 80T-5-2 3.6
%-2624 27.3  0.19 Hgga o] 22.6 1.25 96,0 122 2.6
Z-260C 2hk.9 2,06 o066 0 21.8 0.49 88.8 99 13.5
Z-259% 39.1 10.6 o‘?‘s?c? Q 22.8 3.68 78.0 101 43.5
%-259D Gas lost throughol.l;ole in sheath 101
2-261D 36.9 10.6 0.13 o 22,5 2,07 96.4 101 34,0
2-261B 271 3.69 &54 o 22.0 0.97 86.1 102 15.4
Z-262B 28.2  0.37 1§.'§ 0 23.0 1.18 96.6 123 3.3
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Characteristics and Irradlation Conditione of

TABLE VI

UQ, Tubes in Assembly SOT-5-2

Oxide . Core [kde, watts/em
Treatment Method Denalty, Average Time~ Peak
or of (b) % of in Time  Averaged Maximum Burnup,
Tube No. Type(a) Compacticn Theoretical and Space Peak Peak  MWD/MIU
Z-2624 Vacuum outgassed v 85.5 12.5 17 31 540
at 1400%¢
Z-260C Hydrogen annealed V+8 89.9 24 30 50 980
at 1700%
2-259¢ Vacuum outgassed V+8 89.3 39 44 55 1480
at 1400°
Z—259D(c) Vacuum outgassed V+3 89.5 50 51 56 1700
at 1400°%
2-261D Substoichiometric V+3 89.2 50 51 56 1700 -
Z-261R Substolechiometrle V+8 89.1 38 by 48 1460
Z-262B Vacuum outgassed v 85.3 18.5 27 28 880
at 1400°%
{a) X1l tubes sontain UQ of natural enrichment.
{b) V - compacted by vibration only.
V+5 ~ compacted by vibratilon followed by swaging.
(¢) Pailed during irradiation.
TABLE VII
Characteristics and Irradiation Conditions of
U0. Tubes in Assembly SOT-T7-2
Oxide Core fkde, watte/om
Treatment Density, Average Time- Feak
or % of in Time Averaged Maximum Burnup,
Tube No. Type Theoretical and Space Peak Peak MWD,/MTU
Z=2650 Vacuum outgassed 90.4(a) 5.7 8 10.8 140
at 1400% '
Z-261C Substolchiometric 89.6 13 16 21 280
Z=-260B Hydrogen annealed 89,2 23 29 40 480
at 1700°C
ZE-EGﬁC(b) Vacuum outgassed 88.7 51 58 66 990
at 1400%
ZE—266A(b)(c) Vacuum oubzassed 90.8 65 66 68 1120
at 1400°
Z-2644 Hydrogen annealed 89.9 50 52 53 880
at 1300°%
Z-265B Vacuum outgassed 90.3 34 41 Lo 690

at 1400°¢

{ai All tubes compacted by vibration plus swaging.
{b) Enriched tc 0.9% U2%% by mechanically blending natural UQp, with 1.5%
enriched U0g; all cther tubes contain UO; of natural enrichment.

(¢) Falled during irradiation.
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TABLE VIIT

Fuel Asgembly Dimensions
Comparlson of D.0-and H.0-Cooled Desighs

(Dimensions are in inches, unless otherwise noted)

D.0 Deslign H.0 Design

Calanéria tube, OD 4,84 4,84
Ib 4,78 4.78
Preasure tube, QD Le6 . k.66
IDp ’ 4_.22 4.22
Housing tube, OD 410 4.10
ip 4.04 4,04
Fuel tubes - clad diameters
No. 1 oD 3.68 3.80
D 3.16 3.39
No. 2 oD 2.56 3.01
ID 1.92. 2.45
No. 3 oD 1.28 2.05
1D 0.61 1.48 .
Filler rod OD - 1.20 L
Active core length, ft 15 15 )
Average cladding thickness 0.025 0.025
Coolant area, in® 6.77 5.66
Coolant~to-fuel ares, dlmensionless 1.12 0.94
TABLE IX
EL L

Reactivity Coefficlents of -
Fuel Assemblies Cooled with HL0 i

Ref. D0 Desilgn Modiried Deslgn

’ £, k/%C M % 107 25 x 107"
ps k/°C -5 x 107 -5 x 107"
ny k/°C +5 x 107" +5 x 107

41 x 107° 25 1 10-°

Doppler ccefficient: .
k/°C fuel -0.95 x 10-° -0.95 x 10"
AT fuel/AT coolant 20 20
k/°C coolant -19 x 10-° -19 x 10-°
Net k/°C coolant +22 x 10~° 6 x 10-°
change

Note: See Table VIIL for description of fuel
assenblies.
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Support
f Tube
\ ot Fuel

Tube

Clad Uranium Metal Tube
Enrichment = 0.947 wt % U235

Density = 18.9 g/em®

Cladding and Inner Support Tube
Material = 1100 Aluminum

Clad OD = 1,974 inch

Clad ID = 1.166 inch

Bare Fuel OD = 1.914 inch

Bare Fuel ID = 1.226 inch

Support Tube OD = 0.832inch

Support Tube ID = 0.532 inch

Support Tube Rib D. = 1.146 inch

FIG. 5 FUEL ASSEMBLY USED FOR SE TESTS OF HWCTR BAYONET
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NATURAL URANIUM METAL TUBE
DENSITY = 18.9 gm fcm

0.0, 3,800 inch
IO, = 2,880 inch

m

NATURAL LURANIUM METAL ROD
DENSITY = 18,9 gm/cm3

ROD 0.D. = 0,898 inch

SHEATH MATERIAL = 1100 ALUMINUM
SHEATH 0.D. = 1.090 inch

SHEATH |.D. = 1,026 inch

AlR BETWEEK SHEATH AND FUEL

FIG. 9 COMPONENTS USED

I

CLAD URANIUM METAL TUBE
ENRICHMENT = Q.847 wi, % U-235

DENSITY = 18.8 gm/em®

GCLADDING AND INNER SUPPORT TURBE MATERIAL = 1100 ALUMINUM
CLAD 0.D.= |.974 inch

CLAD 1D, = LIEE inch

BARE FUEL 0.D = 1.814 inch
BARE FUEL LD .= |.226 inch
SUPPORT TUBE 0.D. = 0.832 Inch
SUPPORT TUBE LB = C.532 inch
SUPPORT TUBE RIB D.= 1.146 ingh

™

ENRICHED URANIUM-ALUM ALLOY ROD
ENRICHMENT > 90 % U-235

5. 0wt % U-235 in ALUMINUM
DENSITY = 2,82 gm/em3

ROD ©.D. = 1.000 inch

SHEATH MATERIAL = (100 ALUMINUM
SHEATH 0.D.= 1.090 mch

SHEATH I.D. = 1.026 i

/R BETWEEN SHEATH “AND FUEL

- 21 -

b2

NATURAL LITH/UM-ALUM ALLOY ROD
LITHIUM [N ALUMINUM wt % = 4.8
DENSITY OF ALLOY = 2,35 gm/om3

ROD O.[. = 0.930inch

CLADDING B SHEATH MATERIAL = 1100
CLADDING O.D. = I.00S inch ALUM,
CLADDING 1.D. = 0.930 inch

SHEATH 0.0 = L.OSC inch

SHEATH 1.D. = 1,026 inth

AR BETWEEN SHEATH & CLAD ROD

IN MIXED LATTICE EXPERIMENTS
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