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ABSTRACT

At the end of June 1960, 36% of the construction and 94% of the
firm design of the Heavy Water Components Test Reactor (HWCTR)
were complete., Revised calculations of translents in the liquid-
Do0~cooled locp of the HWCTR show that the safety of the loop is
rnot Impaired by recent changes 1n the 'locatlon and design of the
loop heat exchanger. Preliminary operation of a full-scale mockup
of the baycnet for the boiling-Dy0-cooled loop of the HWCTR
indicates that flow-induced vibrations probably will not be a
serious problem in this loop. Irradiation specimens were prepared
of Zircaloy-clad tubes of uranlum oxide that had been vibratcry-
compacted and swaged to 91% of theoretical density. The NRU
lrradlation of a Zircaloy-clad uranium metal fuel tube was
terminated because of mechanlcal damage to the assembly durling

an attempted reinsertion into the reactor loop. Tandem-extruded
Jodnts of Zircaloy to stalnless steel were readied for long-term
irradiation tests toc determine the effects of exposure on the
mechanical propertles of the jolnts.
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HEAVY WATER MODERATED POWER REACTORS

Progress Report
June 1960

INTRODUCTION

This report is one of a serles that records the progress of the du Pont
study of power reactors that are moderated by heavy water and fueled
wilth natural uranium. The present effort is dlvlded into two maln
categorles: (1) the development required for the successful deslgn,
construction, and operatlon of the Heavy Water Components Test Reactor
(HWCTR), a facllity for irradiating fuel elements and testing other
components at power reactor conditions, and (2) the development of the
technology of full-scale Dy0-moderated power reactors. Earlier reports
in the serles are:

DP-23%2 DP-375 DP-445
DP-2U5 DP-385 DP-455
DP-265 DP-395 DP-465
DP-285 DP-405 DP-475
DP-295 DP-415 DP-485
DP-315 DP-L25 DP-4g95
DP-345 DP-435 DP-505

Progress during July 1960 will be reported in DP-525.

SUMMARY

At the end of June, 3%6% of the construction and 94% of the design of
the HWCTR were complete. Approximately 70% of the deslgn work for the
isolated cooclant loops was also completed by the end of this report
periocd.

Revised calculations of transients in the liquld Dy0 loop of the HWCTR
show that the safety of the loop is not impalred by changing the D0
flow path 1in the heat exchanger and by relocating the surge tank
downstream of the heat exchanger. These design changes make the loop
more slugglsh in its response to disturbances, and the translients are
generally milder than those computed for the original loop design.

Preliminary operation of a full-scale mockup of the bayonet for the
boiling loop of the HWCTR indicates that vibration probably will not
be a serious problem in the HWCTR bayonet. No vibration of the mockup
was detected visually when 4,100 1b/hr of superheated steam at 430°¢
and 850 psia was dispersed into 22,000 1b/hr of water flowing into the
bayonet at 220°C. The exlt steam quality was 14%.

The average leakage of water from a candidate jolnt for coclant
connections of the HWCTR bayonets was within design limits of 40 1b/yr
throughout 89 thermal cycles at peak condltions of 250°C and 850 psig.
In the next 10 cycles, the leakage increased markedly and far exceeded
the deslgn limit.

-6 -



Ten 4-foot-long tubes of Zircaloy-clad uranium oxlde were fabricated
at Savannah River Laboratory by vibratory compaction and swaging. The
oxlde was initially vibrated to T72% of theoretical density and then
cold swaged to final dimensions and a density of 91% of theoretical.
Elghteen 2-foot-long specimens were prepared from these tubes; six are
for irradiation in a Savannah River reactor and the remainder are for
out-of-plle evaluatlon tests.

The irradiation test of a Zircaloy-clad uranium metal tube under power
reactor conditions in a liquid-cooled loop of the NRU reactor was
terminated because of mechanlcal difficulties. A maximum exposure of
950 MWD/T had been reached with an accompanying maximum volume increase
of 1.5% and a maximum outer cladding strain of 0.14%. It was intended
that the test be continued but after repeated attempts to reload the
tube into the loop, severe damage to the shroud, scratching of the clad
surface, and excesslive bowling of the tube were observed. Additional
irradiation was no longer feasible. No further testing of metal fuel
is currently scheduled for the Chalk River loop.

Preparations were made for the irradiation of tandem-extruded Joilnts
under a tensile load to determine the effects of long pericds of fast
neutron exposure on the mechanical properties of the joint. The test
specimens are designed for Irradlation at relatively low temperature

in the central core of a Savannah River reactor. In this position, the
Joints will accumulate exposure at a much more rapid rate than they
would 1n power reactor application where the Jolnts would be located
somewhat removed from the edge of the core. Thus, the equivalent of a
lifetime of power reactor exposure can be obtalned in less than one
year of test.



DISCUSSION

1. HEAVY WATER COMPONENTS TEST REACTOR (HWCTR)

The HWCTR 1s a test reactor that is being buillt at the Savannah Rlver
Plant for the purpose of irradiating candidate fuel assemblies and
other reactor components under conditions that are representative of
D,0-moderated power reactors. It 1s scheduled to be placed 1n operatlon
in mid-1961. A description of the facility was presented in DpP-383(1)
and 1n earlier progress reports. Progress durlng June on deslgn,
construction, and supporting studles 1s reported 1n thls sectlon.

A. 3TATUS OF DESIGN AND CONSTRUCTION

The prinecipal construction actlvity during June wag the erection of the
steel superstructure of the reactor contalnment vessel by the Chilcago
Bridge and Iron Co. At the end of the month, the erection was about
20% complete. Design activity is largely complete except for necessary
field design changes. About 75% of the scheduled drawlngs have been
issued for the two 1solated coolant loops, and procurement of all major
equipment for the lcops has been started.

The over-all design and construction status at the end of June was:
Design of reactor system and building - 94% complete
Design of isolated loops - T0% complete

Reactor construction - 36% complete

B. SAFEGUARDS ANALYSES OF LIQUID D50 LOQOP

Caleculations of the fransient response of the 1liquld-Dy0-cooled loep to
various disturbances were reported in DP-445 and DP-465. Subsequently,
several changes were made in the design of the loop, the principal ones
being (1) relocation of the surge tank to a position downstream of the
heat exchanger, and (2) passage of the Dy0 flow through the shell side
of the heat exchanger rather than through the tubes. The results of
revlsed calculatlons of lcop kinetles show that the safety of the loop
1s not lmpaired by these design changes and that no new safety problems
arise from the changes. In general, the redeslgned loop 1s more slugglsh
in 1ts response to disturbances, because of the increased volume of cool
D0 in the heat exchanger and surge tank, and the transients are milder
than those computed for the original design.

The results of the reviged calculaticns are presented In the following
paragraphs. The equations that were used in the calculations are simllar
to those that were derived for analyzling the transients in the primary
coolant system of the HWCTR (DP-245, pp. 33-37). A description of the
loop was presented in DP-415. In normal HWCTR operation, the loop
pregsure will be higher than the reactor pressure by as much as 500 psi.
Rupture discs between the gas pressurizing systems of the loop and the
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reactor are designed to rupture when the loop pressure 1s elther 700
psl higher than reactor pressure or 200 psi lower than reactor pressure.

1. 8teady-State Conditions

Flgure 1 shows the new steady-state temperatures in the loop for a
constant reactor power of 50 MW and as a function of the fraction, f,

of the loop D0 that 1s bypassed around the heat exchanger. If more
than 92.6% of the design flow (260 gpm) were bypassed, the D0 at the
outlet of the fuel assembly in the loop would boil. A value of I = 0.90
was adopted for the kinetics calculatlons. This cholce ylelds initlal
D0 temperatures of 252°C at the inlet to the fuel assembly and 273°¢

at the outlet of the assembly. The corresponding design values for

the loop are 250 and 274°C, respectively.

2. Transients Followlng a Scram

Flgure 2 shows temperature and pressure transients in the loop following
a reactor scram from a power level of 50 MW. The loop pressure and the
difference between loop pressure and reactor pressure were computed on
the basls of an initial gas volume of 55 gallons 1n the loop surge Tank.
It was also assumed that the steam valves on the reactor bollers are
left open at their 50 MW steady-state settings, and that a constant 90%
of the locp D0 flow 1s bypassed around the loop heat exchanger. It is
geen from Flgure 2 that under these condltlons the pressure differentlal
between the loop and the reactcr 1s not large encugh to rupture the
discs between the two systems.

3, Transients Following Increases in Reactlivity

If a half rod falls from the center of the HWCTR core to the bottom

as a result of a broken latch, the reactivity may be suddenly 1ncreased
by as much as 0.006 k. It is shown in DP-383{1) that if the reactivity
increase were thls great, the safety rods would not act fast enough to
prevent coolant bolling and partial fuel melting in the reactor. In
the liquld D0 loop, a step lnecrease of C.006 k causes translent boilling
in the fuel gssembly. Within one second, the temperature of the D0
from the fuel assembly rises to the saturation temperature and the D30
begins to boll. The magnitude of the pressure Increase that results
from the steam accumulstion has not been established, but 1t may be
great enough to break the rupture disc. Thlis would be a mlnor
consequence, however, when compared to the partlal melting of some of
the fuel elements in the HWCTR.

A step reactivity increase of 0.004 k can be tolerated by both reactor
and test loop. The loop pressure remalns at least 300 psl higher than
the D0 vapor pressure throughout the transient, and boillng does not
occur in the loop.



If two control rods are griven out of the reactor simultaneously at
maximum speed of about 2.5 ft/sec, the maximum rate of addition of
reactivity is about 0.0003 k/sec. As shown in DP—383(1), this accildent
is self-limiting in 'the reactor, and rellance need not be placed on
fast action by the safety system. The consegquences are also mild for
the test loop; the Ds0 In the loop does not boll and rupture of the
seal between the loop and the reactor 1s not a threat.

I, Translents Following Loss of Hy0 Flow

Figure 3 shows the temperature and pressure translents that follow a
sudden loss of H0 flow to the loop heat exchanger. It was assumed 1in
computing these transients that the reactor ls scrammed immediately.
The further assumption was made that the heat transfer in the heat
exchanger Instantly decreases to zero as a result of film bolling of
H»0 1n the tubes. An alternative assumptlon 1s that the heat transfer
1s unaffected untll the HZ0 in the tubes reaches 100°C, at which time
the H,0 1s promptly expellied and the heat transfer is nil. The actual
situation must lle somewhere between these extremes. The translents
are calculated to be very similar for these two cases. It 1ls therefore
concluded that the simpler assumption of immedlate loas of cooling
(Figure 2) 1s adequate. The seal between the loop and the reactor 1is
not ruptured 1in either case.

If a scram does not result from the loss of Hp0 flow to the loop, the
reactor wlll continue to operate at 50 MW, and the temperatures and
pressure 1n the loop will increase gradually. These transilents are
milder than those computed for the orlginal loop design. The reason

1s that relocation of the surge tank to the downstream side of the loop
heat exchanger furnishes a reservolr of cooler Dp0, which retards the
temperature rise following a loss of loop cooling. Immediate rupture
of the loop-reactor seal 1s not a threat in the modified lcop even if
the reactor 1s not scrammed immediately. With the original design, the
seal would have burst and the loop Ds0 would have boiled into the reactor
within about 35 seconds after the loss of H,0 flow (see DP-465)., Of
course, 1f the reactor 1s not shut down within one or twc minutes, the
gsame sltuation willl also cccur in the modified loop.

5. Translents Following an AC Power Fallure

If the AC power supply t¢ the loop circulating pump fails, the coolant
clrculation decreases gradually because of the flywheel action to the
flow that can be maintained by the emergency DC power. The D0 flow

was assumed to decrease linearly to one-third of its initial value in
30 seconds, and then to remain constant. Loop transilents following such
a reduction in Dy0 flow and a subsequent reactor scram are shown in
Figure 4. 1In this instance, the rupture disc between the loop and
reactor gas system remains intact.
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If the AC power failure does not result in a reactor scram, the reactor
wlll continue to operate at 50 MW. In 30 seconds, the loop pressure

and the D,0 vapor pressure are equal, and the D0 begins to boll. There
1s, however, ample time to scram the reactor manually before the seal
between the loop and the reactor 1s broken.

6. Transients Following Changes in Heat Exchanger Bypass Flow

If the fraction of total D0 flow that passes through the heat exchanger
18 increased linearly from 10 to 100% over a perlod of 5 seconds at a
constant reactor power of 50 MW, the temperatures and pressure in the
loop decrease as shown In Flgure 5. It is seen from this figure that
the decrease in loop pressure 1s not great enough to break the "low
pressure" seal between the loop and the reactor.

If the fractlon of total D.0 flow that passes through the heat exchanger
is decreased linearly from 10 to 1% in 5 seconds at a reactor power of
50 MW, the temperatures and pressure in the lcop 1increase as shown in
Figure 6. Up to 35 seconds after the start of thls increased bypassing
of the heat exchanger, the loop Ds0 does not boil. However, it is
evldent from Filgure 6 that the seal between the locop and the reactor
willl burst within another 5 seconds if correctilve actlion 1s not taken.
If the seal bursts, some of the Do0 in the loop will flash into the
reactor as the loop pressure i1s relieved. Actually, the reactor would
be scrammed 1n about 17 seconds by the 5°C increase in Dp0 temperature
at the ocutlet of the fuel assembly 1n the loop. A scram at thls time
should prevent rupture of the disc.

C. MOCKUP OF BAYONET FOR BOILING LOOP

Construction of a full-scale mockup of the bayonet for the beillling loop
of the HWCTR was completed, and facllities were lnstalled for flow
studies wilth steam-water mixtures. The objJectives of the mockup studies
are (1) to determine whether damaging vibratlion is likely to occur in the
bayonet, (2) to establish the effectlveness of the steam quencher in the
belling loop, and (3) to measure the pressure drop due to two-phase flow
in the pilping between the bayonet and the quencher. Preliminary
operation of the mockup indicates that the vibratlon problem probably
will rot be serious in the HWCTR bayonet.

The test facillty 1s located in a powerhouse, where steam and water at
conditions required for flow testing are available. The mockup of the
bayonet is shown 1n Flgure 7, and 2 flow diagram of the experimental
system 1s presented in Figure 8. Boller feedwater at a temperature as
high as 260°C is introduced into the lower side connectlon of the bayonet
at a nominal flow of 38,000 1b/hr. The water passes down the annulus
between the outer housing tube and the fuel enclosure and then {lows
upward over a bundle of 19 dummy fuel rods. Saturated steam at about
280°¢ and at a nominal flow of 7,500 1lb/hr is dispersed into the upflowing
water through multiple small orifiices iIn the walls of each of the dummy
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fuel rods. Steam 1s supplied to the rods by a flexlible steel hose and
plenum located at the bottom of the test assembly. The steam-water
mixture (14% steam gquality) is discharged at 270°C from the bayonet
assembly through the upper side connectlon; the mixture ls then passed
through plping and a quencher that are dimenslonally ldentical with
those proposed for the HWCTR bolling loop. Water at 130°C and at a
rate of 21,000 1b/hr is supplied to the quencher for condensing the
steam. The above flows and temperatures correspond to the nominal
design conditlons propesed for the HWCTR bayonet. Other operating
conditions, as shown in Table I, will also be employed during the
mockup tesis.

The bayonet mockup and the dummy fuel rods are constructed of carbon
steel. A1l tubular components of the mockup are the same nominal
diameter and length as those currently planned for the HWCTR baycnet.
The wall thickness of the tubing 1s also the same except for the steel
tubing that simulates the Zlrcaloy section of the outer housing tube

of the HWCTR bayonet. In the mockup, steel tublng with one-half the
wall thickness of the Zircaloy tubing was used I1n order to obtaln the
same stiffness as in the HWCTR bayonet. The dummy fuel rods (Figire 9)
simulate a fuel assembly of 19 oxide rods for 1lrradliatlion 1n the HWCTR;
the mechanical deslgn of this assembly was described in DP-485. As
discussed above, steam 1s dispersed into the bayonet through orifices
in the wali of each dummy rod. The orifices, 124 holes of 1/16-inch ID,
are grouped along the length of each rod so as to simulate a cosine heat
generation. A 25% radial flux dip is simulated by flow resirictors at
the steam inlet ends of the 1nner rods of the bundle. The side
connections and nozzles of the mockup are dimensioconally identical with
those of the HWCTR. The nozzles are welded into a B-inch-thlck steel
bar (Figure 10) that simulates the attachment of the nozzles to the
wall of the HWCTR vessel. The test bayonet assembly 1s enclosed i1n a
10-inch-dlameter tank tc protect personnel. If significant vibration
18 observed in the bayonet mockup, the tank can also be filled with
water to reproduce the damping effect of moderator in the HWCTR vessel.
The reactor shields in the HWCTR are alsc simulated in the tank.
Vibration of the bayonet mockup can be seen through portholes in the wall
of the tank.

In & preliminary experiment that was conducted before the heat exchangers
were Iinstalled, 4,100 1ib/hr of superheated steam at 430°C and 850 psila
was dilspersed into wafer flowing into the bayonet at 22,000 1b/hr.
Vibration of the bayocnet could not be detected visually. The inlet water
temperature was 220°C, and the effluent contained 14 wt % steam at 265°C.
Although the tegt was conducted at less than nomlnal steam flow, 1t was
consldered to be a conservative test because the steam was superheated
and the subcooling of the inlet water was greater than that expected 1n
the HWCTR. Bayonet startup conditions were 1lncluded 1n this test.
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D. LEAK TESTING OF BAYONET JQINTS

The average rate of H,0 leakage from a "Conoseal" jolnt for 2-1/2 inch
plpe was well within the design maximum of 40 1b/yr during 94 cycles
of a 98-cycle test. For 89 cycles, the leakages throughout each

cycle were within the design specification, but 1ln the cooling phases
of the 90th to 94th cycles there were 5- to 10-minute pulses of
leakage that exceeded the 80 1b/yr range of the molsture-detecting
instrument. Beginning wlth the 95th cycle, the coollng-phase leakage
was high enough to be visible as a liquid stream, and the test was
terminated. The leakage rates during the first glt cycles were as
follows:

Leakage Rate, 1b/yr of H.O
Avg. During Heatlng Hot Coocling

Test Phase Phase Phase
Average 1.5 2.1 0.8 2.5
Maximum - 30 10 80
Minlmum - 0.03 0.02 0.0

The test joint, shown in Figure 11, 1s one of two candidate Jolints

for connecting the inlet and outlet Dy0 piplng to the HWCTR bayonets
{see Figure 7). The Joint was to have been exposed to temperature and
pressure cycles while being subjected to bending forces that simulate
the operating loads on the HWCTR. An air motor, also shown 1in Figure
11, was provided for this purpose. However, the loading mechanilsm
proved to be defectlve, and all of the cycles were carried out in the
absence of a bending force. In a typical 2-hour cycle, the Jolnt was
heated for 30 minutes at 850 pslg, maintalned at 250°C and 850 psig
for 1 hour, and cooled to about 50°C at 850 psig in 30 minutes. At the
end of each cycle the internal pressure in the Jolnt was reduced to
atmospheric pressure; an external pressure of 100 psig was maintalned
on the Joint during the entire cycle, 1ncluding the vent perlod. The
initial and filnal torques on the two bolts of the test Jolnt were 60

ft-1b.

The average leakages from a "Grayloc" coolant-connection Jolnt and from

a candidate top-closure Joint for the bayonets exceeded the design
maximum in the flrst thermal cycle at the condltions described above.
Drawings of the two Joints are sheown 1n Figures 12 and 13. The excessive
leakage from both Joints occurred at the beginning of the cooling phase
of the first test cycle. Testing of these Joints will be resumed when
new gaskets of different design are obtained. The manufacturer of the
"Grayloc" Joint recommended that a gasket of 410 stainless steel, which
is standard for this unit, be substituted for the gasket of 304 stainless
steel that was used in the test. A "Plexitallie" spiral-wound gasket

of stalnless steel and asbestos wlll be substituted for the flat asbestos
gasket originally specifled for the top cleosure. In earlier tests of
HWCTR closures, the leakage from "Plexitallic" gaskets was well within
design specificatlicens for the reactor.
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E. MECHANICAL JOINTS FOR FUEL HOUSINGS

Pressure tests on sample specimens indicate that a flared jolnt will
provide a satlisfactory seal hetween the Zlircaloy housling tubes and the
stalnless steel end fittings of the HWCTR driver elements. These
Joints must seal agalinst water leakage at a maximum differential pressure
of about 25 psl In the HWCTR. The design of the Joint 1s =simllar to
that of a conventional flared tubing jolnt (see Figure 14); the 0.030-
inch wall of the Zircaloy extrusion 1s flared 20° and 1s compressed
between the mating surfaces of the end fitting and a stalnless steel
seal ring. The sealing force 1s applied by serewlng together the end
fitting and a backup nut. None of eight Jodnts of this design leaked
when a pressure differential of 100 psl was applled.

The next step 1ln evaluations of the joint wlll be a series of tests to
lnvestigate its corroslon resistance.

. TECHNOLOGY OF FULL-SCALE REACTORS

A. PHYSICS STUDIES

1. Bolling-D-0-Cooled Power Reactors

a. Vold Coefflclents

Improvements were made in the calculations of the effective vold
coefflcient In fuel assemblles that are cooled by boiling heavy water.

In the earlier calculations the void fraction was arithmetically averaged
along the length of the fuel assembly. The Improved computations include
an "effectlve" vold fraction, €, that is weighted by the square of the

neutron flux and 1s defined as follows:
L

Jf e(x)92ax

€ =2 (1)

L
f $?dx
o

where e{x) = vold fraction at position x along the assembly length
_ P TP
Ps
P, = density of liquid Dz0 at 20°¢
Py = dengity of the steam-water mixture at position x
along the assembly length
$ = neutron flux, which was assumed to be distributed
as a chopped cosine.
L = length of the assembly
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Equation (1) was used to compute the effective vold fraction, €, as a
function of the exlt steam quality at a pressure of 750 psia for several
values of inlet subccoling. The results of these calculations are shown
in Figure 15.

The change 1n reactivity assoclated with a change in effective vold
fraction 1s equal to A€ multiplied by the total coolant worth. The
total coolant worth is defined as the reactivity change produced by
removing all the coolant from an assembly that initially contalns liquid
D0 at 20°C. The change in effective vold fraction, AE, due to a 1%
increase in reactor power under conditions of constant coclant flow was
computed from Figure 15 and the relationship between exit quality and
reactor power. Figure 16 gives the results of these calculations.

The positive vold coefficients that were calculated earlier gDP -475) for
the Sargent & Lundy fuel element design (uranium oxide rods) and for
the du Pont fuel design {uranium metal tubes) (3) "are somewhat smaller
than those calculated by the present method. The previously used linear
average for the effective vold fractlon along the fuel length resulted
in a calculated void coefficlent of +1.4 x 1072 k per percent change

in power for the oxlde assembly; the flux-weighted average resulted 1n

a coefflicient of +1.8 x 107D k per percent change 1n power. Similarly,
larger values of the positlive vold coefficient of the metal tube
assemblies were computed by the revised method: +5.3 x 10-5 versus

+4.8 x 10-5 k per percent power change. Both the old and the new sets
of estimates of the void coefficient were computed from a calculated
coolant worth of +2.8% k for the metal fuel design and +0.6% k for the
oxide fuel design.

b. Power Coeffilcient of Bolllng Dz0 Reactors Fueled with Oxide
Tubes

In DP-505, 1t was shown that a uranium-metal-fueled bolling-D;0-cooled
power reactor operating on a direct steam c¢ycle would probably be unstable
because of 1ts positive net power coefflclent and that the best
applicatlon for uranlum metal tubes would probably be in liquid-cooled
power reactors. Fuel elements consisting of a negt of tubes of uranium
oxide are belng developed as alternatives to the metal fuel elements in
the bolling-Dy0-cooled reacter designs. Calculatlons performed this

month showed that 1f the oxide tubes were about 0.3 inch thick or thicker,
the bolling Dz0 reactor would probably be stable. This article dilscusses
the net power coefficlents of boiling-Dz0-cooled tubular oxide fuels.

The coefflcient of reactivlity assoclated with the oxide fuel temperature
was computed. In these calculations (a) the Doppler coefficient was
computed by the method of Rosen(%), (b) the fuel temperatures .were
defined with the data of Hedge( ) for the thermal conductivlity of
uranium oxide, and (¢) the effective fuel temperature was taken to be
the statistlcally welghted average temperature throughout the plle for
an unflattened flux distribuftlon. The calculated values of the negative
fuel ceoefflelents are plotted as s0lld lines in Flgure 17.
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The reactor system 1n which the oxlde fuel tubes were placed was assumed
to have an exlt steam guality of 30%, a maxlmum heat flux of 200,000
peu/(hr)(ft2®), an inlet subcooling of 33°C, and a coolant pressure of
750 psi. These condiflons correspond to those of the earlier du Pont
design‘a) of a bollling-Dy0-cooled power reactor with the exceptlion that
the oxide tubes have been substlituted for the metal tubes. In the
calculations of the coefficlents of reactivity assocliated with coolant
volds in this oxlde-fueled system, the total coelant worth 1n the fuel
assemblies was assumed to be 1% k and the resonance escape probability
to be 0.88. Calculated values of the positive vold coefficlents for
3% and 10°C inlet subcooling are shown as dashed lines in Figure 17.

The region shown in Flgure 17 in which the positive voild coefflcient
exceeds the negative fuel coefficilent is a reglon of instability.

Figure 17 shows that 1f the oxlde tubes were thinner than about 0.3 1inch,
there would be a range of operation, at powers below deslgh power, Iln
which the net power coefficient would be positlive and the reactor would
noct be stable. In such instances the relatively low fuel temperatures
would not provide a sufficlently negative ef'fect through the fuel
temperature coefficient to override the positive reactlvity effects of
the volds.

It should be polnted out that the above calculations are subject to
large uncertalinties hecause the uncertalnties in the coolant worths,

the Doppler coeffleient, and the thermal conductivity of U0, are zll
very large. In order to define mere clearly the reglons of instabllity,
experimental measurements to obtaln improved values of the above
parameters are needed.

2. Neutron Slowing-Down Distribution

The major uncertalnties in the calculation of the reactivitlies of
candldate pewer reactor lattices of natural uranium 1ln heavy water lle
In the calculation of the resonance escape probabllity, p. The
calculational method most commonly used at the Savannah River Laboratory
for this parameter is an elaboration of one proposed by Critoph‘é) in
whilch regonance capture is assumed to take place at a single enerpgy and
in which the neutron dlstributlon at that energy 18 calculated from a
double Gaussian 1t to the measured slowlng-down distribution from a
point fission source. An excellent test of this method 1s provided

by experiments with single fuel assemblles. Measurements of the neutron
slowing-down distributions from these assemblies %Hest the applicability
of the double Gausslan in practical cases, and measurements of the
gelf-resonance capture test a particularly simple case of the over-all
fheory. Such measurements have been made In the Process Development
Pile (PDP) at the Savannah River Laboratory, and the results are belng
analyzed. The progress to date 1s reviewed 1n the following paragraphs.

The PDP measurements were made with the special loading that was
described in the April report, DP-495. In this loading the central
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core of the reactor to a diameter of approximately 8 feet is filled
only with D,0. An outer driver lattice consisting of seven-rod clusters
of natural uranlum metal on a l4-inch spacing in D0 surrcunds the
central D,0 core. As shown 1in the April report, the flux at the center
of the D0 core 1s highly thermalized. If a test fuel assembly were
located in thils position, fisslons would be 1nltiated in the fuel
assembly with a minimum background of eplthermal neutrons.

Five different fuel assembliles were placed 1ndilvidually at the center
of the D0 core: f{a) a single one-inch diameter rod of U2®° in aluminum,
(b) a single one-inch diameter rod of natural uranium metal, (c) a
cluster of 3, 7, and 19 one-inch dlameter natural-uranium rods. The
neutron slowing-down distributions resulting from fissions in these
assemblles were measured by actilvating 1/2-inch-diameter folls of
indium, gold, and tungsten covered with 0.020-inch-thick cadmlium. These
materials are zll characterlzed by a predominant neutron absorption
resonance and to a flrst approximation measure the neutron flux
distributions at energles of 1.46, 4.91, and 18.8 ev, respectively.

yase folls, covered with cadmium and with cadmium and uranlum, were

also used to measure the slowing-down distribution resulting in U2°°
resonance captures.

The results of the measurements are shown in Figures 18 and 19.
Figure 18 shows the Indium-measured fluxes for the different types of
fuel assemblies. Figure 19 shows the fluxes measured with foills of
indium, gold, tungsten, and U®®® for the enriched fuel rod.

Attempts were made to fit the measured flux distributions, o¢(r), to a
line-gource double Gausslian cf the form

where the ordinary neutron age, T, is given by

— A B
T_[A+B]Tl+[A+B]T2 (2)
and T, = "age" of fast neutrons
T, = "age" of epithermal neutrons
r = dlstance from neutron source

A, B = constants
These attempts were generally unsuccessful because the double Gaussilan

form seems to glve too low a flux at dlistances beyond about 50 cm
from the source. The errors are particularly marked when the present
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line-source distributions are compared with the corresponding polnt-
source distributions(7}. For the latter, it was found that at large
distances the flux should be distributed according to the followlng
expression rather than a double Gausslan.

-r/A
o(r) = e—rg— (3)
The term A 1s derived from the slope of the ArZ-vs.-r curve as shown
in DP-163(7) and DP-505; A is the corrected foil activity. An expression
simllar to Eguation (3) presumably should be used for the line source,
and work 1s presently in progress tc obtain a better fit of the data.

In addition to the flux distribution measurements in the moderator,
measurements were also made with U2%% foils directly in the fuel
assemblies. By counting the 104 kev X-ray line 1n the decay of the
Np239 produced in the folls and by making measurements with and without
cadmlium covers on the folls, 1t was possible to obtain p, the ratiloc
between eplcadmium and subcadmium radiative captures in U2°®, The
results of this measurement are given.in Figure 20. These results are
now being used to obtaln values of self-resonance captures, 1 - p, as
described in DP-K05. They will then be compared with calculated values
of the self-resonance captures as a test of the calculational methods
now used.

3. The (n,2n) Reactlion with Deuterium

The (n,2n) reaction with deuterium and the (n,a) and (n,p) reactions
with oxygen have been 1gnored in past calculations of the physlcs
characteristles of D,O0-moderated reactors because of insufflclent data
to permlt accurate predicticen of the effects of these reactions.
However, recent measurements(®) of the (n,2n) cross section of deuterium
by H111, Goldberg, LeBlanc, and Taylor at the Lawrence Radiation
Laboratory glve results 1n good agreement wilth theory(g} and permlt
reasonably accurate calculations to be made of the effect of thils
reaction on the multiplication factor of heavy-water-moderated reactors.
Multigroup calculations were made for an infinite volume of DZ0
contalning a uniformly distributed source of fission neutrons to
determine the effects on neubron economy of She (n,2n) reaction and

the (n,a) and (n,p) reactions with oxygen. The calculations show that
the effects of these reactlons almost cancel each other; there ls a net
loss of 0.06 neutron per 100 fission neutrons.

In the multigroup calculatlon all groups had the same width of lethargy
band, 0.1 lethargy unit, where the lethargy, u = log 10/E and the neutron
energy E 1s in Mev. The hilghest energy group was assumed to have an upper
bound of 1%.9 Mev. The tabulation of the fission spectrum‘2®! given in
Reference (11) was employed. Oxygen cross section and anisotropic
scattering data were taken from Reference {12). Legendre polynomlal fits
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to the availlable data for deuterlum‘ls_lT) were employed to express the

anlsotropilc scattering data in the same form as that for oxygen 1in
Reference (12), with weight glven to what appear to be the best
data.f18,24,27) mne caleulations show that per fisslon neutron there
are 0.0041% (n,2n) reactions with deuterium, 0.00472 (n,a) and (n,p)
reactions (malnly n,a) with oxygen, and 0.00097 inelastic collisions
with oxygen. The net loss of neutrons per flssion neutron 1s thus
0.00058. The (n,2n) effect 18 somewhat larger than stated by Welnberg
and w1gner‘la), but mueh smaller than would be calculated from the
cross sections assumed by Howerton(*®) or Emmerich{2°7,

B. REACTOR FUELS AND MATERIALS

1l. Fuel Elements of Uranium Metal

ga. Thin-Walled Coextruded Tubes

The development of fabrication technigues for thin Zircaley-clad tubes
of uranium metal for irradiation testing continued to recelve primary
attention at Nuclear Metals, Inc., durlng thls report perlod.
Evaluation was completed for the three tubes of unalloyed uranium that
had been extruded in April with the billet cores having ldentical
"angular" preshaped end plugs. As reported last month in DP-505 from
preliminary examination of cne of these tubes, only near the rear
outslide surface were the flow shapes at the core ends entirely
satisfactory; the end fapers produced scme clad thinning at the front
outer surface and at both the front and rear inner surfaces. However,
in splte of the slight thinnlng of the clad, these tubes are generally
congldered tc be of good quallity. Two of the tubes, each approeximately
10 feet long, have been processed for flow testing and irradiation,
respectively, and shipped to Savannah Rlver. The third tube, which

1s about 4 feet long and typlcal of those intended for irradiation in
the VBWR, was destructlvely examlined.

An additional elght tubes have been extruded and partlally evaluated
in the experimental program seeckling to develop improved blllet end
shapes. One of the modifled deslgns resulted in a tube meeting the
desired minimum claddlng thickness. Still further improvement of the
cladding uniformlty at the end tapers 1s belng sought. Ancther
experiment 1s now 1in progress.

Short, thin-walled tubes with enriched cores of unalloyed uranium,
U-1wt %841, and U - 1.5 wt % Mo are to be irradiated in the VBWR.
Complete evaluation of a natural-uranium prototype tube of the sllicon
alloy revealed virtually no thinning of the cladding at the core end
tapers, nor cther deviatlons from desired characferistics. An enrilched
tube having the same billet design was extruded and processed for shipment
to Vallecitos. This tube is well within specifications; the uniform

core section is about 34 inches long, and front and rear tapers are

4.1/8 and 3-5/8 inches long, respectively.
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The thin-walled natural-uranium prototype tube of the U - 1.5 wt % Mo
alloy had an excegsive amount of c¢lad thinning. The cladding on the

Inner surface at the rear end taper was about 0.005 inch thinner than
the specilfied minimum. Further prototype tubes of this alloy and of

unalloyed uranium wlll be deslgned.

2. Fuel Elements of Uranium Oxide

a. Swaged Tubes Clad with Zircaloy

Zircaloy-clad, UOp fuel tubes have been fabricated at Savannah River
Laboratory for irradiation testing. Ten tubular assemblles of U0

were compacted by vibratlion to approximately 72% of theoretical density
and then swaged to approximately 91% of theoretical density. Eighteen
gpeclmens, each approximately 2 feet long, were fabricated from these
tubes and evaluated. 8ix of the specimens were dellvered for
irradlation in a Savannsh River reactor.

In the fabrication of these tubes, vibratory compaction was used to
obtaln a preselected oxide density before swaglng. The 0D of the
Zircaloy-2 outer sheaths was 2.50 inches; the assemblies were to be
swaged to a final diameter of 2.295 lnches in order to fit into
available housing tubes. These condltions restricted the reduction

in area during swaging to 24%. In order to produce a core density in
excess of 90% of theoretical density during swaging and to minimize
cladding straln, 1t was necessary to load the assemblies to an 1niltial
density of about 72% of theoretical. The desired loaded density was
obtained by using a particular blend of Spencer fused oxlde and a
particular setting on the vibratory compactor. The blend consisted of
10% by welght of -10, +16 mesh, 80% of -20 mesh, and 10% of -200 mesh.
The setting on the vibratory compactor was chosen fo yleld the desired
packing density rather than the maximum density obtainable with the
particular oxlde blend.

Swaging was carried out in seven passes. The reduction was less than
that given earller tubes that were sheathed with stainless steel. The
outer and inner Zircaloy sheaths were reduced in area 1% and 18%,
respectively. The 2-foot-long speclmens were evacuated and then fllled
wlth helium before the permanent end plugs were welded 1n place.

In general, the surfaces of the Zircalcoy-clad tubes were better than
those of earlier tubes that had experlenced greater reductlons. Although
the surfaces generally showed less roughening due to oxide penetration,
the maximum penetration was larger because of the larger size of oxlde
particles that were used. The maximum penetration was as great as
0.009 inch. The outer and lnner surfaces of the outer sheath were both
good. The inner sheaths, however, were scored durlng removal of the
mandrels. This scoring, which is believed to be due to lubricatlon
breakdown, ranged from slight to moderate; the extent of the damage

18 being determlned. The sheath thlckness averaged about 0.030 inch;
the minimum sheath thicknesses are belng determined on evaluatlion

speclimens.
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b. Uranium Metal Impurlty in Fused Uranlum Oxide

A one-ton order of uranium oxide fused by an outslide supplier

contained small amounts of uranium metal, perhaps as much as 1 or °%.
There 1s some concern over this impurity because little 1s known about
the effect of such an impurity on the in-pile behavior of UOz. The
exlstence of a second phase within the fused UQ, 1s shown clearly in
Figure 21. The unknown phase was positlvely ldentified as alpha

uranium by a special X-ray diffractlon technique. An earlier order of
fused U0, from the same vendor did not contain this second phase of
metallie uranium. Discusslons wlth the vendor indicate that the uranlum
can be kept out of the fused U0, by proper control of the fuslon operation
and will be eliminated from future orders.

3. Cladding Studies

a. Development of Zirconlum Cladding Alloys

One of the factors affecting the exposure lifetime of a uranlum metal

fuel element is the in-pile ductility of the Zircalcy cladding. If the
ductility can be improved, the frequency of fuel element fallures should
be decreased. Silnce tin is the primary cause of the higher strength

of Zircaloy-2 over unalloyed zlrconium, it follows that a reduction

in tin content may improve ductllity. Very limited data were obtalned

by WAPD and KAPL several years ago on the lrradlated tensile propertiles

of such an alloy, Zircaloy-3. These data shcw no change in the reduction-
of-area value for Zircaloy-3 in contrast to a decrease of approximately
25% for Zircaloy-2.

A program has been initilated to re-evaluate the ductility of Zircaloy-3.
Laboratory-scale ingots are belng prepared by Harvey Aluminum, Inc. for
fabrication and tenslle testing at room temperature, 250°Cc, and 350°C.
These ingots will have oxygen contents of 660 and 1000 ppm, which 1s
significantly less than in the Zircaloy-3 tested by WAPD and KAPL.
Centrol ingots of Zlrcaloy-2 are also belng made for comparlscon purposes.

Tensile specimens of both the Zircaloy-3 and Zircaloy-2 control material
will be prepared for irradiation at Savannah Rilver and evaluation of
postirradlation ductility.

Corrosion testing of these alloys wlll be done at Harvey Aluminum, Inec.

b. Swaged Cladding

An examination is underway to determline the cause of rupture 1n the swaged
tube of stalnless-steel-clad oxlde that failed In an SRP reactor (DP-495,
DP-505). To date the cause of the fallure is still undetermined. Part

of the examination 1s aimed at characterlzlng the ductlility of the
stalnless steel sheaths after swaglng. Tests performed at room tempera-
ture show that there 1s a considerable loss 1n ductllity durlng swagling;
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however, the swaged sheaths are still qulte ductile in bending and
simple tensilon. Ring specimens from sheaths that are simllar to those
used with the irradiation specimens have been 811t, opened, and bent
double without fracture.

Tensile tests were run on longltudlnal strips of swaged sheathing and
are reported in the table below. These strips were machined from the
outer sheaths of tubular elements that were fabricated at the game
time as were the lrradiation speclilmens.

Tenslle Properties of Stalinless Steel Sheathing

Yield Ultimate Elongatlon Reduction
Strength, Strength, to Fracture, in Area,

Condition psi psl % %
As received 42,200 93, 200 66 51
(annealec%) 44,400 98, 600 73 52

43,300 95,900 T4 51

Swaged(a) 107,100 119, 200 24 37
101,400 116,800 26 42

Swaged(b) 121,200 131,600 15 25
116, 3060 124, 400 16 o7

114,600 126,900 19 20

(a) These specimens came from tubes fabricated at the same
time as the irradiation specimen that failled.

(b} These specimens came from tubes fabricated at the same
time as another oxide assembly that has been performing
satisfactorily.

As shown in the above table, swaged sheaths are stlll ductlle in
simple tenslon. Specimens are beilng prepared for hydrostatic burst
tests te study the effect of changlng the stress state and strain
direction.

4. Zircaloy-to-Stainless-Steel Joints

A development program at Nuclear Metals, Inc., has esatablished the
condltions for produclng metallurglcally bonded stainless-steel-to-
Zircaloy tubular jolnts by tandem extrusion. Fabrilcation detalls
were given in DP-505. A =mall lot of 2-inch-dlameter Joints that
appeared to have satlsfactory mechanical and corrosion properties

for the condltions of intended use, as reactor pressure tubes,
provided the demonstration of the worklng process. A new phase of
thls program has now been started to demonstrate that larger diameter
Joints, approximately 3-1/4 1nches, can be made and that cold working
can be incorporated as the final process step without impairment of
the jolnt quality. Some cold working 1s desired to enhance the
mechanlcal properties of the Zircaloy tubing.
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Eighteen 2-inch-dlameter Joints have been extruded to provide material
for preliminary cold-working experiments. These experiments are to
establish the amount of cold work to be applied to the larger diameter
Joints. Concurrently, work has been started on fabriecatlion of tools
and billet components for extrusion of a demonstration set of four
3-1/% inch diameter joints.

C. IRRADIATION TESTING

1. Tubes of Uranium Metal

a. Unalloyed Uranium Tube in the NRU Reactor

The NRU irradiation test of an unalloyed uranium tube clad with
Zircaloy-2 was terminated because of damage done to the fuel element
during attempted reinsertion into the reactor E-20 loop. The tube had
successfully undergone exposure to a maximum of 950 MWD/T with only
1.5% volume increase and 0.14% outer cladding strain. Detalled
postirradiation measurements of the tube and the irradiatlion test
condltions were given in DP-505. The surface quallity of the tube was
observed to be good and no bow was notlced. Continuation of the test
was planned. However, after the attempts at reloadlng, re-examination
of the assembly revealed that (a) the shroud assembly was buckled at
several places, (b) the fuel tube was scratched, and (¢) the fuel tube
had bowed a maximum of about 0.200 1lnch. Even with redesigned end
fittings and a new shroud, the bow was 80 great that the tube could
not be returned to the loop for additional irradiatlion. No further
irradlation testing of metal fuel tubes is currently scheduled at
Chalk Rlver.

b. Lead-Insulated Uranium Tubes

Further Investigation of the causes and means of control of swelling

in uranium-base metal fuels during irradlation will be carried out wilth
a serles of irradlation tests to correlate volume instabllity with

(1) initial metallurgical structure, and (2) relative transformation
rates.

The fuel specimens, uranlum-base metal cores clad in Zircaloy-2, are

contalned 1n stalnless steel capsules, as shown 1n Figure 22. Insulating

layers of lead on the inside and outslde surfaces of the fuel tubes
permlt the attainment of surface and central metal temperatures
approximately equal te those of power reactor fuel elements. The
atainless steel sheaths of the capsule provide strong secondary
contalnment in case of a fallure of the Zircaloy cladding. The capsule
1g designed to accommodate thermocouples 1f desired.

Design of an lrradiatlon assembly that will contaln twelve capsules 1is
in progress.
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2, Tandem-Extruded Joints of Zircaloy to Stalnless Steel

Three Zircaloy-to-stalnless steel tandem-extruded jolnts are scheduled
£o be irradiated in the core of a Savannah River reactor. The Joints
will be mechanically loaded in tension by a loading belt, as shown

in Figure 23, to a stress of about 20,000 psi. The three Jolnts will
be contained in a housing and will be cooled by liquid DpC flowing atb

a rate such that the maximum temperature willl be less than 90°¢. In
the core of a Savannah River reactor, the joints wlll accumulate
exposure at a much more rapid rabe than they would in a typlcal Dz0-
moderated power reactor where the joints would be located some dlstance
from the edge c¢f the core. However, the temperature of the test Joints
willl be much lower than would be encountered in pewer reactor service.
After irradiation, the joints are to be visually inspected in a high
level cave, and to be mechanically and metallurgically tested for
soundnegs and strength.

D. ENGINEERING STUDIES

1. Desgign of Fuel Assemblies Ccoled by Boiling D20

In DP-505, results were presented of preliminary calculations of the
distribution of coolant in fuel assemblies that are being consldered
for irradiation in the bolling D0 loop of the EWCTR. One of the

fuel assemblies for whilch resuits were presented is a cluster of 19
rods of uranium oxide. In these calculatlons, the total cross section
for coolant flow through the 19-rod assembly was divided into three
discrete regions (l.e., not interconnected). Actually, crossflow of
coolant between these reglons will occur because of the exlstence of
lateral pressure gradilents that result from dlfferences 1in geometry and
heat generation among the regions. More recent calculatlons 1lndlcate
that for the 1G-rod designs discussed in DP-505, coolant crossflow
has 1little effect on the local exlt steam quallties.

To obtain an estimate of the effect of the crossflow on the coolant
distribution, a calculatilonal method was developed whereby the pressure
drops across 6-inch increments of length of the fuel assembly are
matched in the three coolant reglons by adjusting Individual flows as
necessary. Thus, the flow in each region varles along the length of
the fuel assembly. The exlt steam qualities as computed by thls method
are compared In Table II with those computed on the basis of no
crossflow. It 1s seen that 1n these particular designs, the crossflow
has little effect on the exlt steam qualitiles.

2. DMechanlcal Seals for Pumps

Further measurements were made of the vapor leakage from a mechanical
seal on a water pump that operates in a flow loop at a suction pressure
of 850 psig. Initlal results of leakage through thils seal, a Borg-Warner
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Type "D" deslgn, were reported in DP-505. Subsequently, the faces of
the seal were replaced because of indlcatlons of imminent fallure.
During the last 24 hours of operatlon with the old faces, the vapor
leakage was less than 0.02 1b/yr. In the first 20 days of operatlon
with new seal faces, the average vapor leakage was 3.3 1b/yr. The
minimum and maximum vapor leakages durlng thils period were 0.02 and 22
1b/yr, respectively. The average lilquid leakage rafte was 830 1b/yr with
the o0ld faces and 2900 1b/yr wilth the new faces.

Bench-scale tests of the "Durametallic" mechanical seals described 1n
DP-505 were completed. The purpcse of these tests, which willl be
repeated with seals obtained from other manufacturers, 1s to obtaln
data on the effects of selected pump operating varlables on the water
leakage from commegégally avallable mechanlcal seals. The leakage data
are shown 1in Table , and drawings of the seal assembly and the seal
tester are shown in Figures 24 and 25, respectlvely. The leakage
collection system was almost identical with that described last month
for the seal assembly of the pump discussed above. Two tests were made
on both the 1nboard and outboard seals; shaft speed and pressure were
varied 1n both tests. In the first test only the liquld leakage was
measured, but 1n the second test the vapor leakage from the outhoard
seal assembly was also measured. The average liguld leakage from the
inboard seal varled from 5 1b/yr at 1000 psig and a shaft speed of 3600
rpm to 10,000 1b/yr at 500 psig and 3600 rpm. The average llquld
leakage from the outboard seal varied from 0.3 to 21,000 1b/yr under
the same conditlons. The average vapor leakage from the outboard

seal varled from 1 1b/yr at 10CO psilg and 580 rpm to 28 it/yr at 750
pslg and 3600 rpm.

The most signifilcant result of the tests 1s demonstratlion that at all
condltions the vapor leakage, which 1s not readlly recoverable, 18
extremely low and therefore not of economlc importance for power
reactors. Inconsistencles and lack of reproduciblllty in the data of
Table III prevent firm conclusions belng drawn concernlng the varlatlon
of ligquld leakage with shaft speed and pressure. Nevertheless, a general
trend for the leakage to rlse wlth ilncreaslng speed or decreasing
pressure can be discerned. There 18 also a very rough proportionality
between llguld and vapor leakage.

The "Durametallic” seals have been replaced by Borg-Warner seals, and
tests on the latter are now 1n progress.
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TABLE T

PROPOSED TEST CONDITIONS FOR BAYONET MOCKUP

Bayonet Effluent
Conditions Water Flow to Steam Flow to
Steam Bayonet Bayonet Bayonet
Test Pressure, Temp., GQuality, Temperature, Flow, 1b/hr at Effiuent,
No. psia o¢ wt % g 1b/hr 840 psla, 276°% 1b/hr
1 780 268 10 248 34,200 7,100 46,300
2 10 263 59,500 7,600 67,100
= 10 268 70,600 8,000 78,600
4 780 268 14 239 26, 200 7,000 33,200
5 14 258 38,100 7,500 45,600
6 14 263 42,300 T,T00 50,000
7 14 268 48,200 7,800 56,000
8 780 268 30 205 9,100 6,400 15,500
9 30 263 17,000 7,700 24,700
10 30 268 18,300 7,800 26,100
TABLE II
EXIT STEAM QUALITIES FOR FUEL ROD
CLUSTERS COOLED BY BOILING WATER
Design(a) I I IIT
Method of Analyais(b) a b a b a b
Exit Inner Region 39.8 36.2 19.3 19.3 3.8 6.8
Steam
20. . . . B .
Quality, Middle Reglon 20.1 19.4 22.1 20.1 27.0 23.0
wt % Quter Reglon 6.2 7.1 7.1 7.7 8.9 9.2

(a) Design I

TD housing (See DP-485}.

Design IT - Design I wlth no heat generation 1n the

Design III - Design II with central rod of 0.25 inch 1in

central rod

diameter

(b} Methods of Analysis:

a.
b.

Flow channels not intercormected - no crossflow
Flow channels 1nterconnected - crossflow occurs

Power = 1.43 MW

Flow (Hz0) = U5,600 1b/hr
Pressure = 795 pala

Subcooling = 9°C

Ax1al Coglne Flux Distribution

- 28 -
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TAEBLE III

LEAKAGE DATA FROM BENCH TESTS OF "DURAMETALLIC" MECHANICAL SEALS

Liguld Leakage, 1lb/yr

Outboard Seal

Shart Length Vapor Leakage, Length
Speed, Pressure, Inboard Seal(a) Cutboard Seal(b) of' Run, lb/yr of Run,
rpm pslg Avg, Max, Min. Avg. Max. Min. hr Avg. Max. Min. hr
TEST No. 1
3600 1000 5 - - .3 - o zr-mt?) - -
24-op(P)
3600 1000 7 - - 1 - 24 - - - -
3600 1000 20 280 0 8 260 0 23-1B - - - -
26-0B
2500 1000 360 590 260 150 190 iy} 24 - - - -
1500 1000 120 280 70 70 130 60 24 - - - -
580 1000 50 110 0 6 60 o] 24 - - - -
3600 750 1700 2100 1500 Loo 720 250 24 - - - -
3600 500 2000 2h00 1700 1000 1000 680 24 - - - -
3600 250 470 800 320 2700 Lioo 1800 24 - - - -
TEST NO. 2
3600 1000 500 650 210 200 240 80 35 7 11 3 19
2500 1000 60 550 0 20 150 21 b 10 4 9
1500 1000 10 100 0 20 240 51 1 2 1 14
530 1000 50 260 0 2 40 g2 1 4 0.1 84
2600 750 3100 6400 50 2300 5500 830 184 28 35 10 87
3600 500 10,000 11,000 4600 17,000 21,000 1%,000 22 3 27 2 12
3600 250 Leakage exceeded capaclity of measuring - - - -

syatem

{a) Inboard (IB) seal for shaft dlameter of 2.00 inches

(b) Outboard {OB) seal for shaft dlameter of 2.63 inches
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300 I

Fuel Assembly Qutlst ond
00 Heat Exchanger Inlet

[

Fuel Assembly Inlet

g _

s e

2

g \

2

g

=

100 Heat Exchanger Outlet
Conditions:
Reactor Power = 50 MW
D40 Flow = 260 gpm
Hy0 Flow = 225 gpm
H20 Temperature = 22°C
0
0 0.2 0.4 0.6 0.8 1.0

Fraction of Total DyO That Bypasses Heat Exchanger

F1G. 1 STEADY-STATE D,0 TEMPERATURES IN LIQUID D,0 LOOP OF HWCTR
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Prossure, psi

310
] 300
Average Fuel Temperature in Test Assembly
20
1500 280
[y —
\ - «.. Loop Prassure
1400 e 270
D20 Temperature at Test Assembly Outlet =
1300 \ 260
———\_____ D40 Temperatura ot Test Assembly [nlot
1000 {=—— E— | 250
-~ Ty
~ . -
-~ )
e
+ - - \
900 —r = - \\‘__m
eactor Pressure i - !
800 40
Recctor Power
550 20
Differentiol Pressure Batween Loop and Reactor
o g -
450 0
0 5 10 15 20 5 30 335

Time After Reactor Scram, seconds

FI1G. 2 TRANSIENTS IN LIQUID D30 LOOP OF HWCTR AFTER REACTOR SCRAM

Reactor Power = 50 MW
Prompt Temperature Coefficient of Reactivity = -2 x 1073 k/°C
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Pressure, psi

1500
== S==al | Loop Pressure
1400 e e ——
Average Fuel Temperature in Test Assembly
1300
100 Ak —
S -~ o
) ~— - -
ol -
™« | Reactor Pressure
900 D20 Temperature at = —
Test Assembly Dutlet M~ - -
[t [t b T |
%0 ‘é"“%
D30 Temperoture at Test Assembly lnlef\\
700 J_
Reactor Power
600
Differential Pressure Between e — =
Loop ond Reuz::_t_oL_ e ———— T
10 15 P 2 2 IE

Time After Loss of H70 Flow, seconds

FIG. 3 TRANSIENTS IN LIQUID D,0O LOOP OF HWCTR AFTER SUDDEN LOSS

OF Hy0 FLOW TO LOOP HEAT EXCHANGER

Basis: Reactor scrammed immediately.
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Pressure, psi

310
1500 - 300
| ~ __ Loop Pressure
1400 R Eet = ey 290
Average Fuel Temperature in Test Assembly
1300 280
1000 \ - 270
T ~ -
~
S
) ~— - -
\ .:.-.'.'-'.-. -
900 - __Be:ctor Pressure 260
D50 Temperature ot R
% B
800 j e 250
D30 Temperature at Test Assembly Inlet "'_'—'—-———_.______""—-—-—-_._______
700 240
T
500 40
Reactor Power
Differential Pressure Betwean Loop and Reactor e ———]
500 e ! 20
400 0
0 5 10 15 20 25 30 35

Time After AC Power Failure, seconds

FIG. 4 TRANSIENTS IN LIQUID D,0 LOOP OF HWCTR AFTER AC POWER FAILURE

Basis: Reactor scrammed immediotely.
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Temperature, °C

30
300 \
\ Averoge Fual Temperature in Test Assembly
290 \:
280 \\\
\\___.__-_-
270
260 .
D20 Temperature ot Test Assembly Qutlet
250 [
40 \ \\____ 500
™~ \\ \\______-
A Y
N\
230 A \ 400
‘\\ D90 Temperature at Test Assembly Inlet
~
N
Y
™
~ P . P,
220 T 4 \ 300
e - -1 \______-
Ditferential Prossure Betwesn Loop ond Reactor | = =~ — o _ __ __ | -
20 | | 200
0 5 10 15 20 25 k] 35

Time After Start of Change in Bypess Flow, seconds

FIG. 5 TRANSIENTS IN LIQUID DO LOOP OF HWCTR AFTER DECREASE
IN BYPASS FLOW AROUND LOOP HEAT EXCHANGER

Basis: Bypass flow decreases from 30% of total flow
in loop to zero in 5 seconds.
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Temperature, °C

0

30

300

290

280

270

260

250

Average Fuel Tempatature in Test ASW
/

D30 Temperature at Test Assembly W

==

=

90 Temperature at Test Assembly Infet /
/‘/’/

750
—
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- - - 7
Differential Pressure Between Loop and Reactor _ + =~
- - - -
=T 550
T
450
] 5 - 10 15 20 25 n 35

Time After Start of Chonge in Bypuss Flow, seconds

FIG. 6 TRANSIENTS IN LIQUID D50 LOOP OF HWCTR AFTER INCREASE
IN BYPASS FLOW AROUND LOOP HEAT EXCHANGER

Basis: Bypass flow increases from 90% 1o 99%
of total flow in loop in 5 teconds.
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ITEM | REQD | MATERIAL DESCRIPTION
1 1 Carbon Steel | Flexible Hose
2 1 Corbon Steel | 34" Sch 80 Pipe
3 1 Carbon Steel | 5" Sch 160 Pipa Cap
4 1 Carbon Steel | Fuel Bundle Housing
5 1 Carbon Steel | 5'" 4 2%4'" Sch 80 Reducer
[ 2 Carbon Steel | MNozzle
7 1 Corbon Steel | OQuter Bayonet Tube
8 1 Carbon Steel | Outer Boyonet Cap
9 1 Carbon Steel | Muff Hold Down Tube
10 1 Carbon Steel | Inner Boyonet Tube
1 1 Carbon Steel | 34" X 214", Sch B0 Reducer
12 8 Carbon Steel | 7/8'' Dia X 5%" Lg Stud Bolts /Nuts
13 1 Carbon Steel | 3%’', 600 |b, Welding Neck Flange
14 1 Corbon Steel | 1/8" Thk Ashestos Gasket
15 1 Carbon Steel | 31", 600 Ib, Blind Flange
16 2 Caorbon Steel | Shock Sleeve
17 1 Carbon Steel Saddle, 35"
18 1 Carbon Steel | Soddle, 5
ASTM A-234

FIG. 7 MOCKUP OF BAYONET FOR HWCTR BOILING D50 LOGP
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- € HIHE—~
Quencher f\Thronling
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atlf
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130 °C
s~ Bayonet 4—"21,000 Ib/hr
_ | | s-Heat Exchanger
Condensate
* Cooling Water Inlat
A | .s— Heat Exchonger
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7 S%BOUTI'JC/M Cooling Water Outlet
38,000 Ib/hr
€ ; e H20
220°C, 1400 psia ;
|~ Desuperheater

| Steam
psia,

95
480°C

FIG. 8 FLOW DIAGRAM OF HWCTR BAYONET TEST LOOP



ITEM

DESCRIPTION

—

Flexible Steel Hose

S5—Inch Pipe Cap

Pipe Cap Sealing Ring

Lower Rod Plate

Bayonet Outer Housing Tube

Fuel Bundle Housing Tube

Fuvel Red (19 Totel)

Housing Sleeve

Housing Ring

Rod Adapter

- (N OO o o [

P S

Spacing Wire

§

. Care demp it
fes

‘voj

s, [ barkr
'/I ey “ e
Ao Syl Porre’

il a T

FIG. 9 FUEL ROD BUNDLE FOR MOCKUP OF HWCTR BAYONET
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D 1
= e
L
iTEM | REGD | WATL DESCRIPTION
1 3 Corbem Sresl Compownd —Unit Expansiom Bolta —3/4"" Dia.
2 40| Corbon Steel | #/3" Dio. Baits/Nuts
) 2| Carkos Steal | 10, 158 Iy Blind Flangs
+ [ Carbon Stes) 10", 150 ib 5lig—0n Flawge
— 5 3 Corbon Steel Senpart Logn
* ) T | Corbon Stasl | Tank Section No. 8
@_ T 1 304 53T 2" ID Corrvgated, SST, Bexided How
L] i) Corbbn Sl Payonet End Filting
B 7 v Y| Corbon Stael ] Loww Plute
< 5 ] 4| Corbon Stewl | Sighi Port
7 3 1 Y Buyanet Assembly
H Corbom S1asl | Tomk Soctlon No. §
T ] Carban Sinal | Teuk Sectlon Na. 4
| | i Casbun Stanl | Wocala Punt
£ ! 5 ) Corbon Stees | 5/ Di. Bal1/ Kuts:
i 1 4" Flesible Moty Hons
r 17 18| Cowbon Stesd | 54" Dla. Bolt/Wurs
= . W Carbon Stew] | Worsls Adester
T i Carbon Steal | Noasls Adopiar Rudwcer
f x Coroom Stonl | Tomh Soctina Ms. 2
n 1| Gorkaw S1gal | Worzis Block
7] 1| Corbon Steal Purt
. 7] T | Corbom Stael | Tonk Saction Ho. 3
u 1 ) Corbon Steal { Tk Saction Ha. 1
e | 3 7| Corbon Stoel | Woaris

FIG. 10 ENCLOSURE AND MOUNTING DETAILS FOR MOCKUP OF HWCTR BOILING BAYONET
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Zircaloy Housing

FIG. 14

Backup Nut

: *///,f—Tapered Ring Insert

Mag. 1X

ZIRCALOY HOUSING FLARED JOINT
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Effective Yoid Fraction, 7

Change in Effective Void Fraction, A7
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FIG. 15 EFFECTIVE VOID FRACTION IN A BOILING D50 REACTOR
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FiG. 16 EFFECT OF A 1% INCREASE IN POWER ON THE
VOID FRACTION IN A BOILING D,0 REACTOR
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Negative Fuel Temperature Coefficient, Ak /% Power increase
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FIG. 17 POWER COEFFICIENTS OF REACTIVITY FOR BOILING-D,0-
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FIG. 18 INDIUM FOIL ACTIVITY DISTRIBUTIONS FROM YARIOUS SOURCES
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10 B ASSEMBLY
L sssemeLy

ITEM

DESCRIPTION

{nsulated Uranlum Can Sub—-Assembly

Cosxtrydad Zircaley Clod Fual Tube Ausembly

Themacouple

Leod

Thermocouple Top Plug

ol | e |w |

Top Plug

FIG. 22 LEAD-INSULATED TUBULAR URANIUM SPECIMEN
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FIG. 23 IRRADIATION SPECIMEN OF A TANDEM-EXTRUDED JOINT
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