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ABSTRACT

At the end of November, 20% of the construction and 80% of the
firm design of the Heavy Water Components Test Reactor (HWCTR)
were complete. Proof testing of various seals and mechanlsms
for the HWCTR continued satisfactorily. TFurther analyses are
glven of the translent behavior of the HWCTR isclated coolant
loops and of the experlmental data on the nuclear effects of
hot moderator. The results of additional fabrication and
lrradiation tests of uranium metal and uranium oxlde are
recorded. The manufacture of tubular metallurgical jolnts
between Zircaloy and stalnless steel 1s alsc reported.
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HEAVY WATER MODERATED POWER REACTORS

Progress Report
November 1959

INTRODUCTION

Thls report 1s one of a series that records the progress of the du Pont
study of heavy-water-moderated, natural-uranium-fueled power reactors.

The current effort is divided into two main categories: (1) the

research and development requlred for the successful deslgn, constructlon,
and operation of the Heavy Water Components Test Reactor (HWCTR), a high
temperature fuel irradlation facllity, and (2) the experimental and
theoretical studles requlred for developing the technology of a full-
gcale Dp0-moderated power reactor plant. Earlier reports on this study

are.;
DP-23%2 DP-315 DP-405
DP-2i5 DP-345 DP-415
DP-265 DP-375 DP-425
DP-285 DP-385 DP-1435
DP-295 DP-395

Progreas for the month of December will be reported 1n DP-455.
SUMMARY

At the end of November, about 20% of the construction and 80% of the
firm design of the Heavy Water Components Test Reactor were complete.
The progress of construction during November 1s shown 1n Flgures 1 and
2.

Safeguards analyses of the 1sclated coolant loops of the HWCTR were

made this month. The transients of temperature and pressure 1n the
liguid-Ds0-cooled loop following a reactor scram were computed. The
results, which are plotted in Figures 7, 8, and 9, show that satisfactory
operation of the loop can be achieved with the present loop deslgn. The
behavior of the boiling-Dz0-cooled lcop following a reactor scram was
also examlined. Changes in the original design of the loop were required
in order to avold vapor binding of the pump and loss of coolant to the
test fuel assembly during a reactor scram. In addition to these
analytical studles of the loops, 1t 1s planned to bulld a mockup of the
bayonet and discharge plping of the boillng-Dp0-cooled loop to obtaln
experimental assurance that undesirable vibration wlll not occur as a
reault of the mixed flow of steam and water in the lo0D.

Proof testing of various reactor components for the HWCTR continued
satisfactorily during this report perled. A safety rod and control rod
drive package, the prototype gripper mechanism of the fuel transfer
coffin, and candldate seals for the gasketed Jolnts on monltor pln,
instrument rod, and control rod closures were cycllcally tested. No
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damage, no abnormal wear, and no excessive legkage were cbserved.
Testing of a pump shalft seal also proceeded satlsfactorlly wilthout
excesslve leakage under condltions expected at the HWCTR pump shafts.

The fabricatlion of irradlation specimens of vuranium metal contlnued at
Nuclear Metals, Inc. Twoe 2-inch-0D Zircaloy-clad tubes with alloy cores
are belng evaluated as 1irradlation candldates. The core of one of these
tubes 15 U - 1 w/o S1 and that of the other is U - 1.5 w/¢ Mo. Fabri-
catlon of 2 tube with a core of U - 0.2 w/o Al was begun. Further
atudies were made of alloys that may retaln the deslred creep-
resistant beta phase durlng lrradliation. An extruded specimen of

U - 0.3 w/o Cr -« 0.3 w/o Mo retalned a falr proporticn of beta phase
when aged for one hour at 500°C, but a similar specimen of U - 0.3 w/o
Cr reverted almost completely to the alpha phase in one-half hour at
500°cC.

Several tubes of fused uranium oxlde with cladding of stalnless steel
were prepared by the Savannah Rilver Laboratory for irradlation ftests

in a Savannah Rlver reactor. These tubes were labricated by a celd
swaging process that 1s being developed as a potentlally low cost

route to oxlde fuel elements that are sultable for use in Ds0-moderated
power reactors. The UQ, density in the tubes averaged only 88.3% of
theoretical, as compared to an expected value of 90 to 91%. The origin
of this discrepancy is net yet known. An experlimental study of the
effect of fines on the swaged denslty of crushed, fused UQ, showed

that the maximum swaged density is achieved by removing some of the
finer particles in pulverized UOp. A maximum swaged denslty of 92%

of theoretical was obtalned with the most favorable distribution of
particle silze.

Exploratory tests at Nuclear Metals, Inc., indlicated that a strong
metallurgical bond can be formed between stainless steel and Zircaloy.
In a pressure tube reactor, use of a reliable metallurglcal joint
between the Zircalecy tubes and thelr assoclated coolant distrlbutors
can result 1n significant cost reductions and mechanical design
glmplifications. Tubular jolnts about 2 inches in diameter are being
evaluated for corrosion resistance and mechanical performance. Samples
of metallurgical joints fabricated by other techniques were procured
from General Electric Company for evaluation purposes.

Two power reactor fuel tubes of uranium metal were examlned after
lrradlation to modest exposures at relatively low temperature 1n a
Savannah River reactor. One tube had a core of unalloyed uranium and
was clad with 0.030 inch of Zircaloy-2. The core of the other tube,
which was clad with 0.015 inch of Zlrcaloy-2, was U - 2 w/o 2Zr. The
cutslide diameter of each tube increased 0.005 to 0.010 inch during
irradlation, and surface roughening occurred on both tubes. Bumps as
high as 0.024 inch and 0.010 inch developed on the alloy tube and the
uhalloyed tube, respectively. Measurement of 1nslde dlameters must




awalt removal of the inner housing tubes from the fuel; at present,
the lnner housings are stuck within the fuel tubes,

Calculations were made of the flow - head loss characterlistics of fuel
assemblies that are cooled by forced flow of boiling water. The results
of these calculations, which provide a prelimlnary indicatlon of
conditione under which flow Instabillties might occur, are presented

in Figures 20 through 24%. An electrically heated flow loop 18 being
assembled for experimental confirmation of the calculatilons.




DISCUSSION
I, HEAVY WATER COMPONENTS TEST REACTOR (HWCTR)

The HWCTR 1s 2 test reactor in which numerous fuel elements will, he
i{rradiated under conditions of temperature, pressure, and neutron flux
that are typlcal of those expected in D 0-moderated power reactors.

A description of the reactor was presented 1n DP—383(1) and in earller
progress reports. Construction of the faclllty was authorlzed by the
Atomic Energy Commission in November 1958. The goal for startup 1s
early 1961. The total cost of the test facllity, which 1s designed
for a thermal output of 61 MW, 1s estimated to be $8,700,000, including
$1,000,000 for two 1solated coolant loops in which special fuel
assemblies will be irradiated. Progress during the month of November
on the HWCTR deslgn, construction, and supporting experimental work 1s
summarlzed in thils section.

A. STATUS

1. Construction

At the end of November, construction of the HWCTR was approximately 20%
complete. The progress of construction during November 1s shown in the
photographs, Flgures 1 and 2. The outer concrete wall of the contalnment
bullding was poured in a 28-hour continuous operation. All the forms
have since been stripped from the wall. No porosity was found 1in the
ghell. However, about two dozen fine vertical cracks were detected
around the lower part of the shell in the area behind the spent fuel
basin. It 18 postulated that the fine cracks resulted from the
restraint placed upon the shrinking concrete shell by the base slab,

the -37 foot slab, and the heavy walls of the spent fuel basin. After
the concrete shell is post-tensloned, the lnner surface of the wall will
be sealed by application of "Liquid Tile"* reinforced by a glass flber
cloth.

Preparatlions were begun for the pourlng of the zero-level slab early
in January. Installatlon of shoring under the slab 1s complete, and
forms for the bottom and outer periphery of the slab are 1n place.
Forms for the openings in the slab, sealing inserts, embedded plplng,
and embedded condult are now beilng 1nstalled.

A new analysis of the time schedule for the construction of the HWCTR
was begun followlng the halt in the steel strike. The purpose of the
analysis 1s to determine how much delay was caused by the strike and
what 18 the best estimate of the startup date in view of the current
sltuation. Results of this analysis are expected early 1n December.

(1) DP-383, Preliminary Hazards Evaluation of the Heavy Water
Components Test Reactor, D. 3. 5t. John, et al.. May 1359
* Product of Evershleld Products, Inc., Joppa, Maryland.
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2. DPesign

Firm deslgn of the HWCTR was approximately 80% complete at the end of
November. Major design effort during this month was directed at
completion of the deslgn and procurement of electrical egulpment and
instrumentation. Detall design for the fuel transfer coffin was also
nearing completion. MajJor items for which purchase orders were placed
inecluded the hellum compressor, contrel room instrument panels, control
and safety rods, the platform for the control and safety rod drives,
the pumps for the spent fuel basin, the filter for the spent fuel
basin, and the bridge and trolley for the fuel transfer coffln. A
request for quotatlions was also submitted to vendors for the lrradiated
fuel element shipping cask.

B. EFFECT OF MODERATOR TEMPERATURE

Physics measurements on the effects of moderator temperature 1n a mockup
of the HWCTR lattice were completed 1n the PSE. The PSE 13 a subcritical
experimental facllity that can operate wlth D0 temperatures as high as
215%C. A description of the mockup was given in DP-415. Preliminary
high temperature measurements were reported in DP-425. In the two
artlcles that follow, the results of these experiments are summarized
and then applled to the predictlion of the temperature effects in the
HWCTR,

1. Measurements in the PSE Mockup of the HWCTR

Vertical bucklings were measured in the PSE mockup of HWCTR lattices

as a function of moderator temperature between 23 and 215°C at moderator
purlities of 99.0 and 99.7 mol % D 0. Vertical bucklings were also
measured as a functlon of the number of black control rods lnserted 1n
the lattlce at room temperature. Three typlcal HWCTR lattlees were
studied. For Case I, the lattlce contained slx black rods in the
control ring and none 1n the central control cluster. 81x black rods
were present 1ln the control ring and three black rods in the central
control cluster for Case IIL. Four black rods in the contrel ring and
three black rods in the central cluster comprlsed Case III.

The results of the measurements for Cases I, II, and III are shown 1in
Figures 3, 4, and 5, respectively. All bucklings were normallzed to
zero buckling for the initial lattice at 20°C. The change in vertical
buckling between 20 and 240°C was then expressed in terms of the number
of compensating black rods, called "rod equivalents”, that would have
to be added at room temperature to brirng about the same decrease 1n
vertical buckling. These rod equivalents varied from 3.8 to 4.1 rods
with an average value of about 4.0. The smooth curves in PFigures 3, 4,
and 5 have experlmental errors asscclated with them. 4 rough ldea of
the size of the experimental errcors 1n vertical buckling as a function
of temperature can be obtalned from Figure 5 of DP-425. There 1s
undoubtedly an additicnal error ln the curves of Flgures 3, 4%, and 5
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because of the assumption that the change in vertical buckling is an
almogt linear functilon of the total length of control rods added to
the control ring. However, slnce the number of rod equivalents is
nearly an lnteger, these errors in Ilnterpolation are not important.
Combination of these errorg with those involved in the extrapolatlon
of buckling data from 215 to 240°C and in estimating the control rod
worths at room temperature results in a total error of about *0.25
rods at 240°C. Thus, the number of rod equivalents for the mockup
lattices 1s 4.0 %0.25 at 240°C.

The effect of removing 0.7 mol % Ho0 from the moderator was small. The
absolute buckllng at room temperature increased by 20 puB for Cases II
and III with three control rods 1n the central cluster; the increase
was 55 uB for Case I with no rods in the central cluster.

2. Prediction of Temperature Effects in HWCTR from PSE Experiments

Effects of changes 1ln moderator temperature in the HWCTR would he
expected to be somewhat different from those measured in the PSE mockup
btecause of the difference in reflector fhickness and because the PSE
mockup was, of necessity, subcritical. Informatlon previously obtalned
from the PDP mockup of the HWCTR, from two-group calculatlons, and from
the PSE experimental results was combined to translate the PSE results
into predictlons for the HWCTR. It wad calculated that 1in order to
compensate for the temperature rise to 240°C in the HWCTR, 3.65 +0.4
black control rods would have to be withdrawn. Thus, even though the
neutron leakage from the PSE 1s 30% greater than that from the HWCTR,
the temperature effects expressed in terms of the number of equlvalent
rods are very nearly the same.

C. ISQLATED COOLANT LOOPS

Two isolated coolant loops in whilch special test assemblies can be
1rradiated wlll be installed 1n the HWCTR. One loop, which can operate
up to about 500 psl ahove the reactor pregsure, will be cooled by
liquid Dz0. The other loop, which wlll operate at about the game
pressure as the reactor vessel, wlll be cooled by bolling Ds0.

Reported below are (a) recent modifications in the design of the
bolling loop, (b) the purposes of a mockup test for the boiling loop,
and (¢) analyses of the translents that may be experlenced 1n the
liquid D0 loop.

1. Design of the Beiling-Ds0-Cooled Loop

Modlficatlons are being made to the deglgn of the holling-Do0-cooled
loop 1n order to avold the possible loss of coolant to the loop fuel
aggembly during a reactor scram. This posslbllity exlsted because the
pressures In the reactor and loop systems were equallzed by a line that
cornnected the outlet of the loop ccondenser to the gas space at the

top of the reactor (See Figure 18, DP-415). During a reactor scram,
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when the pressure in the reactor vessel reduces at the rate of about

5 psl per second for 35 seconds, the consequent lowering of the pressure
in the loop causes continued flashing in the suctlon line of the loop
pump, probable vapor binding of the pump, and the loss of coolant to the
test assembly. If the loop were completely separated from the reactor,
the loop pressure would decrease more rapldly and a more severe
gituation would be encountered. The rapld reductlon in heat generation
that accompanies the scram would permit the large volume of steam 1in

the condenser to be condensed rapldly, causing an even more rapld
reduction 1n loop pressure than if the reactor and loop pressure were
equalized. Vapor binding of the pump, wlth its detrimental conseguences,
would follow rapidly.

In order to avold these undesirable posslbllitles, 1t is now proposed
to quench the Dp0 steam and subecool the D0 ligquid 1in a quencher
immediately downstream of the in-plle bayonet tube. Quenching will be
accomplished by injection of cool D0 that is drawn from the pump
discharge line through a heat exchanger. This design change will
result 1n a great reduction in the volume of steam in the system and
the maintenance of subcooled liquid Dy0 in the surge tank of the loop.
The surge tank probably wlll be pressurized by the reactor helium
blanket system.

2. Mockup of the Bolling-D-0-Coopled Loop

A moekup of the bayonet and discharge plping of the boiling-Ds0-cocled
loop ¢f the HWCTR will be made by the Savannah River Laboratory. The
primary purpose of the mockup ls te determine whether or neot potentlially
damaglng vibratlion to the bayonet will occur as a result of the mixed
flow of steam and water in the boliling loop. Measurements wlll be made
of the amplitudes and accelerations of vibration over the followlng
range of varlables:

Pressure, psla 515 -~ 1015
Exit steam quality, % 10 - 30
Subcooling, °C 0 - 78

In addition to the observatlons on vibratilon, pressure drop data for
the two-phase flow through the bayonet and the piping willl be
collected. These data are required because of the uncertainties in
the methods for predicting the two-phase pressure drop in unusual
configurations such as these.

A small-scale quenchling test has been proposed to gulde the design of
the full-scale quencher mentloned in the preceding artlcle. If there

1s any doubt of the acceptabhility of the full-scale deslgn, a mockup
could be readlly incorporated into the bayonet mockup. The purpose

of these quenching tests is to determine whether or ncot the injection
of cooled water intc steam would introduce excessive nolse or vibration.
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%. Transient Analyses of the Liguid-D;0-Cooled Loop

As part of the safeguards analysis ¢of the HWCTR, the temperature and
pressure translients 1n the liquid-D 0-cooled test loop following a
reactor scram were computed. It was concluded from these calculations
that satisfactory operation of the loop would be achleved durlng a
reactor scram if the volume of gas in the loop surge tank were about
55 gallons and if no change from steady-state operation were made 1n
the amount of Ds0 bypassing the loop heat exchanger. The following
quantities were varied in the calculations: (a) the volume of gas,
i.e., He and Dy0, 1ln the loop surge tank, (b) the fraction of the
total D0 flow bypassing the loop heat exchanger, and (¢} the steam
valve opening on the HWCTR steam generators. A flow dlagram of the
system 18 glven 1n Figure 18 of DP-415. The method by which the
translents were computed is very simllar to the one used for analyzing
the transients in the primary coolant system of the HWCTR (DP-245,

PP. 33-37).

a, Steady-State Conditions

The steady-state temperatures that would he achleved by the Dz0 i1n the
loop at a reactor power of 50 MW are shown 1n Figure 6 as functions of
the fractlon of the Dy0 flow that bypasses the loop heat exchanger.
For design flows on the Ho0 side of the heat exchanger and with no
bypassing of the D,0 flow, the temperatures at the inlet and outlet

of the test fuel assembly are 172 and 192°C, respectively. In order
to ralse these temperatures to the deslgn wvalues of 250 and 274°¢,
respectively, 87.35% of the total Dg0 coolant flow in the loop must
bypass the heat exchanger.

©. Transients Followlng a Reactor Scram

Typlcal transients in loop temperatures and pregsure following a
reactor scram are shown in Figures 7 and 8. In Figure 7 loop temper-
atures and reazctor power are shown as functions of time after scram.
Loop pressures, reactor pressure, and the difference between these

two pressures followlng a scram are plotted in Figure 8. In computing
these curves 1t was assumed that (1) the initial volume of the gas in
the loop surge tank 1s 55 gallons, (2) the steam valves on the reactor
bollers are left open at their 50-MW steady-state settling of 22.2
square ilnches, and (3) 87.3%5% of the total loop coolant constantly
bypaases the loop heat exchanger.

The reasons for recommending a gas volume of about 55 gallons in the
surge tank of the liquld-Ds0-cocoled loop prior to a reactor scram are
discussed In the remalnder of this article. The seals between the gas
Pressurlzing systems of the lcop and the reactor are designed to

rupture {a) when the pressure in the loop is 700 psi higher than the
pressure in the reactor, or (b) when the pressure in the reactor exceeds
the pressure 1n the loop by 200 psi or more. In normal operatlion the
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loop pressure will be higher than the reactor pressure by O to 500 pel.
During a reactor scram the reactor pressure decreases at about 5 psi
per second for about 35 seconds and then the rate of reductlon becomes
slower. Durlng a scram 1t is therefore possible for the seals to
rupture 1f the pressure differential between the reactor and loop 1s
not carefully controlled or limited. A desirable conditlon would be
one that results in a constant differentlal pressure between the loop
and the reactor following a reactor scram.

Three translents in differential pressure following a reactor scram are
ghown in Figure 9. These three transilents were computed for a constant
opening of 22.2 square inches in the steam valves of the bollers of the
maln system. The upper curve was calculated for an inltial differential
pressure of 485 psi, an initial volume of 110 gallons of gas 1n the

loop surge tank, and for the amount of Dz0 bypassing the loop heat
exchanger increasing to 99% from an initial value of 87.35%. Of all the
cases computed, these conditions resulted in the largest differentlal
pressure between the loop and reactor. The lower curve, computed for
an initial gas volume of 22 gallons 1n the surge tank and for a constant
bypass of 87.35% of the total Dp0 flow, shows the lowest differential
pressure of any of the cases consldered. The transient plotted in the
middle curve of Figure 9 represents the most nearly constant pressure
differential following a scram. This transient results when the

reactor 1s scrammed and there is an initlal volume of 5% gallons of

gas 1ln the loop surge tank and a constant 87.35% of the D0 bypassing
the loop heat exchanger.

The results of all the computations of the differential pressure
transients are summarized in Table I. The first column shows the
fraction of loop coolant that bypasses the loop heat exchanger; thils
quantity was either held constant or increased from its inlbtlal value
ag indicated at the beglnning of the scram. The second column llsts
the initial volume of gas 1n the loop surge tank. The third column
shows the setting of the boller steam valves, which for the calculations
were held constant at the 50-MW steady-state opening of 22.2 square
inehes or throttled as indlcated at the beginning of the scram. The
fourth column lilsts the pressure differentials between the loop and the
reactor that result 3% seconds after the beglnning of the scram.

The data in Table I indicate that the differential pressure transient
may also be controlled by throttling the steam valves on the bollers
followlng a reactor scram. Complete closure of the steam valves keeps
the reactor pressure high, because the reactor then cools more slowly,
and effectively reduces the differentlial pressure between the loop and
reactor. However, complete closure of the valves would cause the
temperature of the Hz0 in the boilers to rise from 190°C to about 218°C
in 35 seconds; the accompanylng increase 1n boller pressure would be
from 182 psil to 322 psi. Throttling of the steam valves, to an opening
of 2.0 square inches, 1s almost as effective as completely closing the
valves. No such throttling actlion is required, however, 1f the initlal
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gas volume in the loop surge tank 1s adjusted to 55 gallons and 1f a
constant 87.35% of the loop Dg0 1s bypassed around the loop heat
exchanger.

D. COMPONENTS TESTING

1. Rod Drive Packages

Prototypes of a safety rod drive package and a control rod drive
package have been under test at Alco Products, Inc., the consultants
on the design and the fabricators of the prototype packages.

Tegting of the prototype safety rod drive package was completed on
November 2. Final testing at a pressure of 1500 psig and 285°C
included 500 scram cycles and 1000 cycles of normal up-and-down drive.
No damage or abnormal wear was observed and operation was satlsfactory
throughout the test.

Testing of the prototype control rod drive package began early in
November. The drlve package was operated through 100 up-and-down
eycles at 1500-psilg pressure and room temperature. The temperature
was then ralsed to 285“0. A%t the end of November approximately 2500
of the projected total of 3000 cycles of operation had been completed
satlafactorlily.

2. Prototype CGripper Mechanlsm

Testing of the prototype gripper mechanism of the transfer coffin for
irradiated fuel continued at the Savannah River Plant. A total of 50
ecycles of the gripper mechanlsm over its full vertleal travel was
completed. Testing 1s in progress on a new type of hold-down device
for the fuel housing tubes. The new device was designed as a possible
replacement for the bulky hold-down mechanism presently 1lncluded in
the gripper design. A hold-down device 1s necessary ln order to keep
the housing tube in place while a fuel element 18 beling lifted from
within 1t. The fuel cooling system for the transfer coffin has also
been attached to the prototype gripper mechanism and evaluation of the
system 185 now 1In progress.

3. Seal Leakage

a. Cyelic Testing of Seals for Vessgel Openings

The program for testing candidate seals for the various openlngs in the
HWCTR pressure vessel continued with cyclic testing of the gasketed
joints on monitor pin, instrument rod, and control rod closures. The
results of 100-cycle tests at a maximum pressure and temperature of
1000 psilg and 2509C were recorded in earlier reports. Thls month,
eyclic tests of these seals were started at a maximum pressure of 1500
psig with 250-260°C water. As in the lower pressure tests, durlng a
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normal three-hour cycle, the seal is malintained at maxlmum conditlons
for one hour; the remainder of the cycle 18 spent in returning to
atmospheric conditions and then repressuring and reheatlng the sealed
fluid. No data from these recent tests are avalilable at present.

b. Pump Seals

A mechanical seal that closely resembles the seal design presently
proposed for the shafts of the maln clrculating pumps of the HWCTR is
currently under test at the Bingham Pump Company. The fest seal operated
for more than 1000 hours with the shaft rotating at 1800 rpm at
temperatures and pressures that approximate those expected at the

seals of the HWCTR pumps. Leakage from the sedl to the leak collectlon
system was gqulte steady and ranged from 35 fo 50 gallons per year.

4, Flow Tests

No damage was observed on the HWCTR test fuel assembly after 103 days,
and on the new shield muff with stralght flow passages after 41 days,
in flow tests In neutral delonized water at 260°C. As discussed in
DP-425 and earlier reports, the test fuel assembly consists of a
Zircaloy-2-clad, natural uranlum fuel tube, surrounded by & straight-
ribbed hcousing tube of Zircaloy-2. After inspection of the assembly
the test was resumed.

1. TECHNOLOGY OF FULL-SCALE REACTORS

A. REACTOR FUEL3 AND MATERIALS

1. Uranium Metal Tubes for Irradiatlon Tests

a. Unalloyed Uranium

Preparatory to fabrication of two unalloyed uranium tubes of 3%
enrlchment for irradlatlion testlng in the Vallecitos beiling water
reactor, four prototype tubes of natural uranium were extruded early
in November. The billet materials, billet design, and extruslion
procedures were based generally upcon the regults of examlnation of an
earlier group of filve full-gize tubes (DP-395% et. seq.) and a more
recent serles of reduced-size expsrimental tubes. The primary
excepbion, as nobted last month, was the decision to use a process for
refining the uranium grains. This decision was made after cracking was
cbserved in beta treatment of a full-size core castling. The four
prototype tubes differ from one another with respect to end shape

design, to increase the likellihood that one satisfactory design will be
avallable when the enrlched tubes are extruded,.
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b, New Alloy Systems

Post extrusion processing was continued on two Zr-clad tubes with
uranium cores that contain 1 w/o 81 and 1.5 w/o Mo, respectively. These
tubes are belng produced for a comparilson of thelr irradlation hehavior
with that of the U - 2 w/o Zr alloy irradiated previously. The tube
with 1 w/o 81 has been inspected, straightened, and beta heat treated
vertically in a salt bath at Atlas Steels, Ltd., Welland, Ontarlo. A
heat treatment cycle for the other tube has bheen developed that provides
the desired structure for lrradlation stablllty, l.e., a simulated cast
structure. This treatment consists of heating the tube {(in an evacuated
container) at 77500 for 15 minutes, furnace cooling to 620°¢, holding
for cne hour, and alr cooling. The treatment requires the prior

removal of the copper extrusion Jacket; therefore, before heat treatment
the tube will be pilckled and autoradiographed to determine the extent
of fluctuations of c¢ladding thickness at the core ends. As reported
last month, unexpected thinning of the cladding was observed at one
location on a tube that contained a short core of U - 1.5 w/o Mo.

On the basis of small-scale experiments reported earlier (DP-415),
fabrication of a tube with a new core composition, a U - 0.2 w/o Al
alloy, was started. An alloy castlng was made by double arc melting

of ingot uranium. Arc melting was used fto avoid the carbon plckup
assoclated with induction melting in a graphilte crucible. Before
extrusion, the casting will be gamma treated and quenched, to precipitate
a fine dilgpersion of uranium-aluminum compound, then will recelve a
double beta treatment and quench to reflne the uranlum gralns.

¢. Stablllzed Beta-Phase Uranium Alloys

The brcad program of developling a metal fuel composlitlion wlth
satlsfactory irradiation behavior includes a study of alloys that may
retaln the creep-reslstant beta phase under irradiation conditions.
Initial results of heat treatment and structure studles are now
available for two of the four alloys that were selected for further
study from the preliminary screening tests that were discussed last
month. Extruded specimens of U ~ 0.3 w/o Cr and U - 0.3 w/o Cr - 0.3
w/o Mo alloys were heat treated {to obtain the beta phase) by soaking
for one hour at elther 720°C (beta phase) or 800°C (gamma phase) and
guenching in oll. 3Subseqguent examination by X-ray dlffractlon showed
that all speclmens were essentially beta uranium. The high temperature
stability of the metastable beta uranium was then evaluated by aging

the specimens at 500°C for either one-half or one hour and quenching
them in o0il. After these treatments the speclmens were again examlned
by X-ray diffraction. During the shorter time at 500°C the U - 0.3

w/o Cr alloy reverted almost completely to the alpha phase. The U - 0.3
w/o Cr - 0.3 w/o Mo alloy retalned a falr proportlion of beta phase, even
after the longer aging tlme. The beta phase of thls alloy was somewhat
more stable in the gamma-treated specimen than in the beta-treated
speclimen.
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Although the results for the latter alloy are encouraging, X-ray
diffraction provides only a semiquantitative measure of the proportions
of beta and alpha phase 1n a specimen. Other technigques are beilng
8tudled for impreving the reliability of determination of phase ratios.

2. Pabrication of Tubes of Uranlum Oxide by Cold Swagling

a. Preparation of Irradiated Specimens

Techniques for fabricating fuel elements of uranium oxide are being
studied with the objective of developing a low cost process for
fabrication of this fuel, which is an alternative to uranium metal for
use 1In Dp0-moderated power reactors. The principal effort i1s at the
Savannash River Laboratory, where a cold swaging process is being appliled
to the fabrication of tubes that contaln fused uranium oxlde. The
lmmediate cobjective of the program is to irradiate several such tubes

in a Savannah Rlver reactor to investigate their suitability for power
reactor application. The design and fabrication of She first
lrradiatlion specimens are discussed in the following paragraphs.

The design of the initlal irradiation assembliecs 18 shown in Figures 10
and 11. The fuel tubes (Figure 10) have a 2.138-inch 0D, 1.458-inch ID,
and 24-inch length. The cladding is stainless steel of 0.018-1nch
thickness. Flve of these tubes are stacked between two aluminum
housings, as shown in Figure 11; during irradiation both the inside and
outside surfaces of the fuel tubes will be in contact with coolant.

The fuel tubes were prepared by swaging on a hardened steel mandrel,

as was described in DP-395. Each swaged tube, which was 4 feet long,
was cut Into two irradiation specimens. Stainless steel plugs were
welded to each end of the specimens. During the swagling operation

the oxide was contained by temporary end plugs of stalnless steel rather
than the sand and rubber cement that were used previously. These plugs,
shown in Figures 12 and 13, were designed to accommodate the differential
rate of elongation of the inner and outer sheaths durlng swaging. With
blugs of sand and rubber cement the oubter sheath elongated as much as
3/4 inch before the inner sheath elongated appreciably. After the inner
sheath "froze" to the mandrel, that sheath elongated rapidly so that
after the final swaging pass the inner sheath was only 1/4 inch shorter
than the outer sheath. With the stalnless steel plugs the outer sheath
elongated about 1/2 inch more than the inner sheath garly in the swWwaglng
operation, but after the inner sheath "froze" to the mandrel, the total
elongations approximately equalized themselves. With plugs designed

for an inner sheath that was initially 1/2 inch longer than the outer
sheath, the final lengths were equal to within 1/8 inch, as shown in
Flgure 14,

Partial evaluation of the specimens showed that the diameters were
within the limits shown in Figure 10; in three tubes eccentricity in
the wall thickness was as great as 0.032 inch, compared to the desired
maxlmum value of 0.025 inch.
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The UQ, densities were slightly lower than those observed previously
in similar tubes. The densities ranged from 87.6 to 89.1% of
theoretical; the average for all samples was 88.3%. Values between
90 and 91% had been expected. The reason for this discrepancy is not
yet known.

Little is known of the irradlation performance of oxide tubes; therefore
the first irradlation test will be conducted under condltions that do
not exceed those known to be satisfactory for oxlde rods from the
standpolnts of oxide temperature, grain growth, and release of fiasion
gases within the oxlde.

b. Effect of Particle Size Distribution on the Denslty of
Swaged Oxide

An experimental study of the effect of flnes on the swaged density of
crushed, fused U0, showed that the most favorable distributions of
particle size are those In which some of the finer particles in
pulverized U0, are removed. Under these conditlons the maxlmum swaged
density was 92% of theoretical.

The experimental study conslsted of an evaluation of stalnless-steel-
clad swaged rods that contained oxide of various particle size
distributions. These rods were swaged from a diameter of 0.626 inch
to a filnal diameter of 0.465 inch; the cross-gsectional area of the U0,
was reduced by 48% during swaging. Varlations in partlcle slze
distribution were obtained by adding up to 10% of fines from three
sleve fractlons (-70 to +120 mesh, -120 to +200 mesh, and -200 mesh)
to base sizes of -20 to +70 mesh, ~20 to +120 mesh, and -20 to +200
mesh. It was necessary to compare UOp from four different lots
because no single type of fused U0, was avallable in sufficlent
quantity for the entire experiment. The materials that were used In
the experiment are described In Table II.

The swaged densities of all of the specimens are listed in Table ITI,
together with the corresponding particle size digtributlons. The
highest swaged denslities were obtalned with the following size
diatributions. It will be noted by comparison with Table II that these
slze distributions include a larger proportion of the -20, +70 partlcles
than is typlcal of the pulverized, fused U0y usually obtalned.

Partlcle Distribution for Maxlimum Density of Swaged Oxlde

-20, +40 =40, +70 -7Q, +120 <120, +200 -200 As Loaded Swaged
57.5 32.5 0 5 5 65.0 92.0
57.5 0.2 12.3 0 0 62.2 91.9
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The four types of oxide were nonstolichiometrlic to different degrees,
i.e., they contained different proportions of Uu0g. Since the densitles
of the swaged specimens were expressed as a percentage of the theoretlical
density of stoichiometrie U0p, cor 11.0 g/cm®, it was necessary to
normalize the densities to compare them on a common basis. The dengitles
were normalized to that of Type I oxide by linear interpolatlon between
densitles of 11.0 g/cm® for U0p g and 11.3 g/em® for U,0s. The bases
for the 1nterpolations were the O/U ratios reported in Table II. Both
the uncorrected densities and the normalized densities are shown 1in

Table III.

3. Stainless Steel - Zircaloy Jolnts

One of the chief problems that must be faced in the design of pressure
tube power reactors l1s that of joining pressure tubes of Zircaloy to
eoolant distributors of stainless steel. It 1s believed that a
metallurgical Jolnt is potentlally beftter sulted to this applicatiocn
than 18 a mechanical Jjoilnt. Not only is less space required for a
metallurgical joint, but also it should be mcre reslstant to the
detrimental effects of repeated cycles of temperature and pressure.
Therefore, a pregram of fabricatlon development and testing of
metallurgically bonded Jolnts has been started. The jolnt fabrication
work, which i1s beilng carried cut at Nuclear Metals, Inc., under a du Pont
subcontract, 1s concerned with development of a process for jolining
Zircaloy-2 and Type 304 stalnless steel. Contacts with other organizations
had led to consideration of twe other ftypes of bonded joint. The present
status of these several programs l1s reviewed 1n this section.

2., NMI Fabricatiocn

Exploratory tests with small rods at Nuclear Metals, Inc., lndicated
that a strong metallurgical bond can be made between stainless steel
and Zircaloy. On the basls of these rod tests, emphasls was placed on
the manufacture of tubular joints. Several reduced-size {~2-inch 0D)
tube jolnts were made. One jolnt, which had a 1.88-inch OD and a
1.48-1neh ID, was machined to remove surface irregularitles; the
finished Jolint had a 1.82-inch 0D and a 1.52-inch ID, Longitudinal
sectioning showed that fthe stainless steel - Zircaloy interface extended
about 2-1/4 inches in the axial direction and sloped from the outside
to the inside {(i.e., the Zircaloy was tapered inside the stalnless
steel). The tensile strength of this Jjoint was 25,000 psl. However,
in a corrosion test for 2% hours 1in steam at 400°C, a heavy layer of
white oxlde formed at the interface.
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Subsequent to the experiments described above, addltional reduced-size
jolnts were fabricated In an effort to lmprove Joint quality. A section
from one joint showed ne evidence of corrcslve attack after nlne days

in water at 250°C. This test, which 1s nearer to actual service
conditions than the 400°C steam test, provides some encouragement that
thils partlcular type of Joint may be a satislactory interlayer from

the standpolnt of correslon resistance as well as mechanical behavior.
Corroslon tests of tubular Jjoints that were fabricated somewhat
differently also appear to be satisfactory. Comparison of the
mechanical performance of various Jolnts 1s in progress.

b. Fusicn Bonding

The Atomlc Power Equlipment Department of General Electric has agreed
to an informal cooperatlve program for developlng a fuslon bond between
stalnless steel and Zircaloy. In general, GE wlll work ocut methods

of joint fabrication and will supply any promising Jjoints to du Pont
for evaluatlon. A 2-inch-0D Joint has been forwarded teo SRL for
evaluation tests, 1lncluding thermal cycllng of the jolnt.

c. Diffusion Bonding

The Metallurglcal Products Department of General Electric is developlng
a diffuslon-bonded butt Jjelnt for possible commercial explcocitation.

Two such jolnts, both about 2 inches in diameter, have been submitted
to SRL for evaluatlon. GE 18 attempting to scale up their process

to jolnts of 5-1/2-inch diameter, but are encountering difficulty with
cracks in the larger jolnt.

i, Effect of Irradiatlon on Structural Materials

a. Zircaloy-2

Six specimens of Zircaloy-2 were shipped to Chalk River for irradlation
in the NRX reactor at a temperature of 3009C. The objective of the
lrradlation test is to measure the stress relaxation that occurs in
Zircaloy-2 when 1t 1s irradiated at temperatures that are representative
of Dz0-moderated power reactors. The specimens, which i1nclude both

anneal?d)and cold-worked materlal, are similar to those descrlbed in
Dp-369(1),

(1) DP-369, Stress Relaxation in Stainless Steel During Irradiation,
J. W. Joseph, June 195h9Q.
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L. Stalnless Steel

Full -scale flow tests were begun on an assembly of eleven specimens of
the type that will be used to measure the effect of 1rradliation on the
relaxation of torsional stresses 1n stalnless steel. The flow test Is
preliminary to the series of 1rradiation experiments that was descrlibed
in DP-435. An order was placed for the material from which the
irradiation specimens will be machined. Equipment for stressing and
measuring the specimens is belng developed.
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B. IRRADIATION TESTS

1. Uranlum Tubes

Two Zircaloy-clad fuel tubes (2-inch OD) of natural uranium metal -
one with an unalloyed core and one with a core of U - 2 w/o Zr - were
irradiated without incldent to modest exposures at relatlvely low
temperature 1n a Savannah Rlver reactor. Postlrradlation examination
of the tubes revealed that surface roughening had ocecurred on both
tubes but was much more severe on the alloy tube. The outslde
dlameter of each tube increased 0.005 to 0.010 1Inch durlng irradlation.
The inner surfaceg of the tubes have not yet been inspected because
the inner housing could not be removed from elther tube wilth the
maximum avallable force of 2000 pounds.

Both tubes contalned cores about 9.5 feet long and were fabricated at
Nuclear Metals by the coextruslion process. The unalloyed tube (Tube No.
53) recelved a beta heat treatment, while the alloy tube (Tube No. 28)
received a diffusion heat treatment at 880°C for 7 hours and a
sphercldizing heat treatment at 680°C for 72 hours. The cladding
thicknesses were 0.030 1lnch for the unalloyed tube and 0.015 1nch for
the alloy tube. The irradiation condlitions are classiflled data that
will be discussed inh a separate report.

The roughening of the outer surface of the allcocy tube was unlform
around the circumference but varled along the length of the tube.

The worst roughenling occurred near the midpoint, where the calculated
exposure was a maxlimum, and near the downstream end, where the

exposure was relstively low. Bumps as high as 0.024 inch were measured
from a surface impressicn that was taken of the tube. Maximum bump
helght was only 0.010 inch on the surface of the unalloyed tube.

2. Slugs of U - 2 w/o Zr

Shown 1in Figures 15 through 18 are the dimenslonal changes that
occurred in four Zr-clad slugs of U - 2 w/o Zr durldng irradiation to
modest exposure at metal temperatures near those contemplated for the
du Pont designs of metal-fueled power reactors. The slugs were clad
with 0.005 to 0.025 inch of Zircaloy-2 by the coextruslon process;

the nominal dimengions were a dlameter of 0.792 inch, an over-all
length of 1C¢.5 inches, and a core length of 9 inches. The deslred
Irradiation temperature was obtained by encasing the slugs in lead-
insulated containers. The neutron flux (and exposure) lncreased
approximately linearly from the bottom of each slug to the top; the
flux at the bottom was about 65% of that at the top. Quantitative data
on irradiation condltions for these slugs and for four others that were
irradiated previcusly {(DP-395) will be presented in a forthcoming
classified report.
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As shown in Figures 15 through 18, the diameter changes along the
lengths of the slugs increased with exposure and temperature. However,
it is difficult to correlate dimensional change with c¢ladding thickness,
because the slug with 25-mil cladding thickness exhiblted numerous
longitudinal cracks in the cladding. Also, the top end cap separated
from the slug with 5-mil cladding thickness. The two remalining slugs
did not fail; the slug with 15-mil cladding thickness exhiblted half
the dimensional change of the slug with 10-mll cladding. More detailed
examination of the slugs 18 1in progress.

During disassembly it was discovered that the top end cap had separated
from the slug that had a clad thickness of 0.005 inch. The two pleces
apparently parted while they were still 1n the reactor. Photographs of
the slug and end cap are presented in Flgure 19.

C. HEAT TRANSFER

1. Flow Stabllity in Fuel Assemblles Cooled by Bolling Water

In the design of power reactors that are cooled by forced convection
of bolling water, it 1s essentlal that fuel assemblies be deslgned

such that vapor choking and subsequent fuel melting will not occur
under anticipated operating conditions. Although thls problem can be
circumvented by placing an orifice in series wlth each coolant channel,
this approach can be expensive because of the inerease 1n power regulred
to pump the coolant. Accurate knowledge of the flow characteristics

of the fuel assemblies 1s necessary to ensure that orifices are not
provided unless they are actually needed, and to ensure that any
orifices are sized for minimum head loss consistent with control of

the vapor choking problem. A flow locp is being installed at SRL

to measure the boiling flow characteristics at condltlons that would

be encountered in Dy0-moderated boillng reactors. In the meantime,

the flow characteristics have heen calculated for a wlide range of
conditions, both to gulde the experiments and to provide a prelimlinary
indication of regions of possible flow lnstabllity. These calculatlons
are descrilbed in the following paragraphs.

The calculations, which were made on an IBM 650 computer, were on the
basls of a method that treats steam-water mixtures as a homogeneous
fluid. The properties of the homogeneous fluld are derived by welghting
the propertles of the twa phases on the basls of their relative mass.
The applicability of thls method, whilich was described in DP—109(1),

has been verified at pressures of 50 to 100 psig (see Flgure 20). The
method should also be applicable at higher pressures because the
properties of the two phases do not differ as widely.

(1) DP-10G, Two-Phase Flow in Tubeg with Outlet Qrifices, S. Mirshak,
April 1955.
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The results of the calculations are shown in Figures 21 through 24.
Although the propertiesg of llgnt water were used throughout, the
results are a good approxlmation for heavy water. In Flgure 21, the
effect of pressure on the head loss 1s shown for upflow of water
through a coolant channel that has a heated length of 18 feet and
recelves heat at a rate of 100 MW/ft® of flow area. The "humped"
curves for pressures of 100 and 250 psi are characteristic of
potentially unstable flow systems because they include reglons in
which the pressure required to maintain flow lncreases ag the flow
decreases. These systems would require inlet orificing for malntenance
of stable bolling flow at low steam gualitles. At pressures aof 500
and 750 psl, the required 1nlet pressure decreases monotonlcally with
flow, which is the characteristic of a stable flow system. Even at the
higher pressures, reglons of flow instabllity appear 1f the subcooling
of the inlet flow is high (see Figure 22). The effects of power level
and egulvalent diameter on the head loss through a coolant channel that
is 18 feet long are shown in Figures 23 and 24, respectively.

2. DBurnout of Zircaloy-2 durfaces

The burnout heat flux for Zircaloy-2 surfaces cooled by llquid water
agreed within 3% of the results obtained for stainless steel surfaces
and copper-nickel surfaces. This finding indicates that the compoelifion
of the heat transfer surface of a fuel assembly has negliglble effect

on burnout. Three burncut tests were made on Zircaloy-2 tubes. 1In

the first test, the tube was etched with HF-HNOg, while in the second
and third tests the tubes were etched and then autoclaved for T2 hours
at 750°F and 1500 psl to produce an oxide fllm. The tests were made

on electrically heated tubes of Zircaloy-2 that were 0.50 inch ln diameter
and 2% inches long. The heated surface formed the 1nner surface of an
annulus and was cooled with downward-flowlng water.

The summarized results of the tests are tabulated below.

Burnout Heat Flux for Zircaloy-2

Burncut Heat Flux,

Coolant Coolant peu/(hr) (££3)
Veloclity Pressure, BSubcooling, Stainless
Surface Treatment ft/sec a) psia o¢ zircaloy-2 Steellb)
Etched and autoclaved 20.6 6.7 hg.7 1,100,000 1,090,000
Etched and autoclaved 15.2 62.9 55.9 1,130,000 1,140,000
Etched only 19.9 471 48.5 1,110,000 1,070,000

{a) The equivalent dlameter of the coolant annulus was 0.375 inch.
{b) The values for stalnless steel were cbtalned by interpelating data
for stalnless steel vla the SBL burnout correlation {DP-355).
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Although the tests were conducted at pressure levels that are well
below those considered for power reactors, it 1s not expected that the
effect of the material will be different at hlgher preassures.

D. HEAVY WATER LEAKAGE

The avallable data on the leakage of fluid through mechanical shaft
seals for centrifugal pumps pertain to liquld leakage, and there 1is
little information on vapor losses that might be expected from pumps
that would handle D.0 at power reactor temperatures. A program to
provide such informatlion was started at S3RL, where measurements were
made of the total leakage through the geals of & pump In a flow loop.
The initlal measurements indicated a leakage of 40 gallons per year
of 1liquid water through one seal and 120 gallons per year through the
other. The vapor leakage was less than 2.5 gallons per year through
the one seal assembly for which this leakage was measured. These
values are for pump operation at 850 psig and 260°C.

The seal assemblles of the SRL pump are Borg-Warner Type D mechanlcal
gseals with stationary faces of "Graphitar" and rotating faces of
"Stellite." The seals are meounted on a 2-inch-0D shaft and operate at
a pressure of 850 psig and a shaft speed of 3600 gpm. The pump
circulates deionized water at a temperature of 260°C. Mounted on the
ghaft between the impeller and each seal 1s a small turbine pump that
circulates water through an external heat exchanger, where 1t is cooled
below the atmospheric boiling point. The purpose of these turbine
pumps 1s to cool the leakage flow before it passes cover the seal faces.
The leakage from the seals flowed from internal ¢ollection chambers to
closed recelvers outside the pump, where the volumetric leakapge was
measured. Dry nitrogen was metered into the internal collectlon
chamber of the outboard seal. Thils gas passed over the surface of the
water 1n the receiver, and discharged through a watér-cooled condenser.
Dew point analyses of the exhaust nitrogen provided a measure of the
water vapor leakage, includlng any vaporization that occurred in the
collection chamber and the recelver,

The average leakage rates of liguid water were %0 gallons per year for
the inboard seal and 120 gallons per year for the cuthboard seal durlng
the first 90 hours of operatlon of the pump at 850 psig and 260°¢.
During this same periced, the vapor leakage from the outboard seal was
less than 2.5 gallons per year, as defermined from occasional dew polnt
analyses of the nitrogen sweep., The maxlmum leakage rates durlng the
first day of operation (at a system pressure of about 100 psilg) were
530 and 1200 gallons per year for the inboard and outboard seals,
respectively. Before the leakage measurements were started, the
inboard seal was operated for 18 months. The outboard seal was

newly installed before the fests were started.
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TABLE T

TRANSIENTS IN THE LIQUID-DL0-COOLED LOOP
OF THE HWCTR FOLLOWING A REACTCR SCRAM

Dz0 Bypasslng Loop Gas Volume Steam Valve Pressure Differentlial between
Heat Exchangsr, in Surge Tanl, Opening, Loop and Rezctor after
% of total Tlow gallons sguare inches 35 Seconds, psi(a

] 110 22.2 £10.4
n 55 " 567.5
" 22 " 4e2. g
0 — 50 110 " 613.7
" 55 " 572.5
" 22 " 462.2
0= 95 i1c " 639.0
" 55 " 615.2
] 22 " 5“’8-2
87.35 110 " 570.8
" 55 n 495‘3(]))
K 22 " 31.1(¢)
87.35 —~ 35 110 ) 610.6
) 55 * 563.7
" 22 " 439.7
87.25 — 99 110 o 65%.6(d)
" 55 ! 642,14
! 22 " 609.8
o} ilo 22.2 = 2.0 533.4
! 55 " 490.5
" 22 " 375.9
0 = 50 110 " 536.7
) 55 " 4g95,5
" 22 " 385.2
0 — 95 110 " 562.0
" 55 " 538.2
" 22 " §71.2
0 110 £(t)le) 605.5
0~ 50 B " 608.8
0~ 95 " " Aa3k.1
0 " 22.2 =0 520.8
9 — B0 " " 52k.1
D — 95 t te 549. }_‘_

485-psl pressure differentlal at 1nitiatlon of scram
Recommended operatlon

Conditions for lowest pressure differential

Conditions for hilghest pressure differential

Steam valves continuously adjusted to maintain steam temperature
constant at 190°C

P T e e e ¥
a 20 O w
e e S e
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TABLE II

TYPICAL PARTICLE DISTRIBUTION OF CRUSHED, FUSED U0z

Oxide Particle Size Distributlon, As Crushed, w/o
Type -20, +40 -4D, +¥70 =70, +#120  -120, 200 -200 0/u
I 46.2 26.2 11.3 6.9 9.4 2,022
Ir 46.2 27.5 10.2 6.1 9.5 2.056
IIT 49.1 25,7 10.5 6.1 8.5 2.08g
v 47.3 25.0 10.3 7.1 10.1  2.005
TABLE IIT

EFFECT OF PARTICLE SIZE DISTRIBUTION
ON SWAGED DENSTITY OF FUSED UO-
{Duplicate samples)

Swaged Denslty Rel. to

Particle Size Distribution, w/o Theo. for U0, ,,» #

Added Fractionsg Normalized to
Qxide Type Base Size -70, +120 -120, +200 -200 A3 Measured Type I Datal?)

I 100 Q 0 o g1.2 91.2
(Bage silze 95 5 O 0 gl.4 51.4
-20 to +70 g5 G 5 ol 91.5 91.5
mesh, 0/U = 90 0 10 0 91.2 91.2
2.022) 95 o 0 5 91.0 . 31.0
90 0 0 10 g1.8 1.8
30 0 5 5 92.0 92.0
85 4] 10 5 1.8 91.8
80 0 10 10 g1.2 g1.2
1T 100 o] ) g2.6 g1.9
{Base Size a5 5 0 g91.4 g0.7
-20 to +120 g0 10 s} 91.% G0.7
mesh, 0/U0 = 95 0 5 91.8 91.1
2.056) g0 v} 10 gl.2 90.5
90 S 5 90.8 90.0
85 10 5 0.8 g90.0
80 10 10 Go.L 8g.7
IIT 106G 0 91.3% 51.0
(Base silze 95 5 90,4 9c.0
-20 to +200 g0 10 91.1 90.8
megh, Q/U =
2.089)
v
{As crushed See Table I 90. 2 g0, 4
0/U = 2.005)

{a) Densitles for Types II, III, and IV were normalized to those of
Type I to correct for differences in 0/U ratio of the starting
materlals. See text for discussion of normalizatlon procedure.
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FIGURE 3 - EFFECTS OF MODERATOR TEMPERATURE AND BLACK CONTROL RODS
DN THE VERTICAL BUCKLING OF THE PSE MOCKUP OF THE HWCTR
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Number of Black Rods in Control Ring

The *“rod equivalents’’ are the
number of black rods that would
have to be added to the lattice

at room temperature to compensote
for the change in vertical buckiing

from 240 o 20° C. \\

10 9 2 7 & 3
0
L-{a) L-(b)
=100
99.0 MO; % Dzoi 99.7 mol % D20
Curves (g} have a constant The buckling of the lattice

o control rod configuration, of curve (a) at 20° C is
< six black rods in the contrel assumed to be zero, All
N L__rirlg and three in the central k other measurements are
n'.!- =200 Fclyster. / compared to this buckling, |
_? Curves (b} have a constant /

:S moderator temperature

a of 20° C,

]
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G

-
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3.9 Red Equivalents at 99.7 mol % D90 \\\\
/
4,1 Rod Equivalents at 99.0 mol % 020 \\
-500 i i
20 é0 100 140 ]80 220 260

Moderator Tempetature, °C
FIGURE 4 - EFFECTS OF MODERATOR TEMPERATURE AND BLACK CONTROL RODS

ON THE VERTICAL BUCKLING OF THE PSE MOCKUP OF THE HWCTR
{Case 1)
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control rod configuration, of curve {a) ot 20° C is
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20 50 100 140 180 220 260
Moderator Temperature, °C

FIGURE 5 - EFFECTS OF MODERATOR TEMPERATURE AND BLACK CONTROL RODS
ON THE VERTICAL BUCKLING OF THE PSE MOCKUP OF THE HWCTR
(Case [}
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FIGURE 6 - STEADY-STATE TEMPERATURES IN THE HWCTR
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FIGURE

THE HWCTR FOLLOWING A REACTOR SCRAM
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Differentiol Pressure between
Loop and Reactor, psi

Loop Pressure, psi

Reactor Pressure, psi

600

——Differential Pressure between
/7 Loop and Reactor

500

Steam valves at 50~MW steady - state opening of
400 22.2 square inches.

87.35% of the total loop flow bypasses the

loop heat exchanger.

I Initial volyme of gas in the loop surge tank = 55 gallons. ______
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\\C— Loop Pressure
1400 P~
1300
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\\*C_ Reactor Pressure
900 —~_]
\
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FIGURE 8 - PRESSURE TRANSIENTS IN THE HWCTR LIQUID-D,0-COOLED
LOOP FOLLOWING A REACTOR SCRAM
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FIGURE 9 ~ TRANSIENT IN DIFFERENTIAL PRESSURE BETWEEN
THE HWCTR LIQUID-D,0-COOLED LOOP AND THE
REACTOR FOLLOWING A REACTOR SCRAM

-~ 37 -




* WITH 3BT SHEATH
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FIGURE 10 - FUEL TUBE FOR IRRADIATION TESTS OF SWAGED URANIUM OXIDE
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1 Stem Subessembly

2 Main Retaining Ring

3 Piston Ring

4 Outer Housing Subassembly
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6 UG, Fuel Tube Assembly

7 UQ, Fue! Tube Assembly

FIGURE 11 -~ FUEL ASSEMBLY FOR IRRADIATION TESTS OF SWAGED TUBES OF URANIUM OXIDE
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o, Longitudinal section before swaging, showing
how the end plug is welded within the sheath

b, Longitudinal section after swaging, shewing
how the end plug adjusted to the changes
thaot occutred in the lengths of the sheaths

FIGURE 12 - TEMPORARY END PLUGS OF STAINLESS STEEL FOR SWAGING OXIDE-FILLED TUBES




FIGURE 13 - TEMPORARY END PLUGS OF STAINLESS STEEL FOR SWAGING OXIDE- FILLED TUBES

R

N S

FIGURE 14 ~ LONGITUDINAL SECTION THROUGH END PLUG OF URANIUM OXIDE TUBE
AFTER SWAGING

(The tube walls were distorted during sectioning.)
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FIGURE 15 - EFFECT OF IRRADIATION ON DIMENSIONS OF A U-2 w/o Zr
SLUG WITH 0.005-INCH ZIRCALOY CLADDING
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END CAP SLUG
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End View Showing Interface Obligue View
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Side View Side View
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FIGURE 19 ~ IRRADIATED U-2 w/o Zr SLUG WITH 0.005- INCH ZIRCALOY CLADDING i
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