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ABSTRACT

The Heavy Water Components Test Reasctor (HWCTR)} was
operated intermittently during July and August for fuel irra-
diation tests. Severe pittlng attack of the carbon steel
tubes of the steam generators resulted from temporary in-
adequate removal of oxygen from the feedwater to the generators.
The feedwater control and treatment were modified to eliminate
further rapid attack of the tubes.

Physics calculations indicate that the removal cof =
single fuel assembly from an operating Dy0-cocled reactor
would cause flux pesks of less than 5% in adjacent fuel
posltions at lattice pitches of practical interest.

Fabrication was started on driver fuel assemblies of
uranium oxide for the HWCTR.

Degign parameters were formulated for use in desilgn
studies of a 1000-MWe D, 0-cooled-and-moderated reactor that
could be operated in the 1670's. Kinetlcs studies of the
1000-MWe reactor indicate that the turbine and reactor systems
can be controlled and protected by normal control design.
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HEAVY WATER MODERATED POWER REACTORS
PROGRESS REPQORT
July—August 1944

INTRODUCTION

This report reviews the progress of the Du Pont develop=-
ment program on heavy-water-moderated power reactors. The
over-all goal of the program 1s to advance the technology cf
these reactors so that they could be used in large power
stations to generate electricity at fully ccompetitive costs.
Program emphasls 1s being placed on reactors that are cooled
by liquid Dy0. Most of the effort is concerned with (1) the
irradiation cof candidate fuels and other reactor components
in the Heavy Water Components Test Reactor (HWCTR), and (2) the
development of low-cost fuel tubes for use in large water-
cooled reactors,

SUMMARY

The HWCTR was opersated at 41 to 45 MW during July and
August for fuel irradiation tests; two ocutages were incurred -
one scheduled and one unscheduled, Severe pitting attack of
the carbon steel tubes of the two steam generators was dis-
covered during this pericd. The attack occurred on the
secondary side of the tubes, was of recent origin, and was
attributed to inadequate removal of cxygen from the feedwater.
Modifled feedwater contrel and treatment, including in-line
oxyegen analyses, have been instituted, and plans were formuiated
to replace the tube bundles early in 1965,

Two driver fuel tubes (Zr alloyed with S wt % 23%5U) from
the HWCTR were inspected for dimenslcnal changes after
irradiation to a maximum fission burnup of 0.79 atom %. The
dimensicnal changes were modest, indicating {that the drivers
probably will be able to withstand exposure to the end of
their reactivity lifetime (about 2% burnup).

Physics calculations indicate that the removal of a
gingle fuel assembly from an operating DyC-cooled reactor
will cause flux peaks of less than 5% in adjacent fuel
positions when the lattice pitch 1s near 10 inches (square).
It does not appear that this effect is large enough to be an
important drawback to on-power refueling of such a reactor.

Fabrication was started of the flrst set of 2-tube driver
fuel assemblles of compacted uranlum oxide for the HWCTR, and
development was started on sultable procedures for welding
spacing ribs to the fuel sheaths of later sets.
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Design parameters were formulated for use in a design
study of a 1000-MWe Dy0-~cocled-and-moderated power reactor
that could be bullt in the 1970's after demonstration of the
main technical features in a protolype reactor. A conceptual
degign for the control system of the reactor was specified
on the basgis of calculations of reactlvity worthses of a varlety
of contrcl conflgurstions., Prelimlnary kinetles studies of
the reactor indicate that the turbine and reactor system can
be controlled and protected by normal control design,




DISCUSSION
|. THE HEAVY WATER COMPONENTS TEST REACTOR (HWCTR}

The HWCTR 1s & Da0-cocled-and-moderated test reactor in
whlch candlidate fuel assemblles and other reactor components
are being evaluated under conditlons that are representative
of large water~cooled D,0-moderated power reactors. Currently,
fuel assemblies of uranium oxide (mechanically compacted in
Zircaloy sheaths) and assemblies of thorium metal (coextruded
with Zircaloy cladding) are being irradiated in this reactor.
Operating data are summarized in Tables I and IT and in
Figures 1 snd 2. Irradiatlon tests currently In progress are
summarized in Tables IIT and IV.

A. REACTCR OPERATION

The HWCTR was operated continuocusly at 41 MW for the first
13 days of July. On July 13, the reactor was shut down for
investigation of abnormally high D,0 losses into the cooling
water in No. 1 steam generator. Subsequent investigation
(described below) revealed one leaking tube and general
corroslon throughout the bundle on the cooling water side.
After the steam generator was repalred, nuclear operation was
resumed on July 26, The reactor operated at 43 to 45 MW
until August 7, at which time the unlt was shut down to begin
a previougly scheduled outage. The reactor was returned to
service on August 26, and wag operated at power for the
remalnder of the month.

B. STEAM GENERATOR CORROSION

Inspection of the two steam generators in July and August
revealed much more severe pltting attack of the secondary
slde of the carbon steel tubes than would have been predicted
from the results of the last previous iInspection (in February
1964), Pit depths ranged as high as 85 mils, The accelerated
corrosion was attributed to oxygen attack caused by a recent
change in quality of the sodium sulfite that 1s used to scavenge
oxygen from the feedwater. The sulfite residual in the
generators always hag been measured routinely ag an lndication
of oxygen contrel, and an adequate excess c¢f sulflte has been
maintained consistently. However, the particular brand of
catalyzed sulfite that had been employed since early 1964
reacts with dissclved oxygen too slowly to maintain the oxygen
concentration in the generators at less than 0.05 ppm, To




prevent a recurrence of the attack, modified feedwater treat-
ment and controls, Including continuous in-llne analysls of
feedwater for residual oxygen, have been instituted. The
oxygen content of feedwater is now under good control at a
suitably low value of 0,02-0,03 ppm., Possible maJor changes
in feedwater tresgtment, including deaeration, also are being
gtudied with the objective of eliminating both the corrosion
problem and chronic slime formation in various heat exchangers.

It was concluded from inspection of the steam generators
that the tubes may be nearing the end of their useful life, and
it was recommended to the AEC that the generators be retubed
as soon as possible; the goal is to accomplish the retubing
by the time new driver fuel i1s installed in the HWCTR early
in 1965,

The process (Dz0) side of the generators was in excellent
condition,

C. FAILURE OF U0, ROD BUNDLE ASSEMBLY

Subsequent to the July 13 shutdown of the HWCTR, radlo-
actlvity in the system indlcated that a fuel fallure had
occurred, The fallure was traced to an assembly of Zircaloy-
clad pelletized U0, rods that were being irradiated for the
Canadians under the USAEC-AECL Cooperative Program, The
assembly consisted of five 19~inch-long bundles, each contalning
19 reds of 0.5-1nch dlameter. Prior to the fallure, the
assembly had reached a maximum exposure of 6500 MWD/MIU* at a
maximum thermal rating (fkd6) of about 30 watts/cm,

Following its uneventful removal from the reactcor, the
failed assembly was disassembled and inspected under water.
The failed bundle was identified by activlty release as the
fourth from the top 1in the column of five bundles. A cursory
examination revealed no vlsible evidence of distortion or
damage to any of the bundles. However, two of the unfailed
bundles were damaged during subsequent handling.

Cave examination of the failed bundle is scheduled to
begin in September,

D, INSPECTION OF DRIVER FUEIL TUBES

Two fuel tubes from the second set of HWCTR driver
assemblies were inspected for dimensional changes after
irradiation to 2 maximum fission burnup cf 0,79 atom %.

* Megawatt-days per metric ton of uranium,
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The two tubes were inspected previously at a maximum burnup

of 0.3% atom % at a maximum core temperature of 540°C (DP-905
and DP-915), On the basis of the favorable results in the

first inspection, the maximum core temperature was increased

to 580°C to permlt an increase in specific power in HWCTR
irradiation tests. Because the effect of the higher temperature
on the dimensional stability of the tubes was unknown, freguent
interim examinations were gcheduled to observe their behavior,

The results of the two lnspections are compared in Table V.
The dimensional changes were modest, indicating that continued
operation of the drivers at 580°C will ve feasible to at least
about 1.2 atom % burnup, at which time the driver targets are
scheduled tc¢ be replaced and another interim Inspecticn will
be made. The driver fuel probably will withstand exposure to
iteg full reactivity lifetime {about 2% burnup).

E. LEAKAGE TEST OF CCNTAINMENT BUILDING

During the August shutdown, the HWCTR contalnment
structure was tested for leaks. The measured leakage at an
internal pressure of 5 psig was 0.63% per day of the building
volume., This leakage rate 1s essentially the same as that
measured in a similar test a year ago (0.75%/day at 5 psig).

1t. REACTOR PHYSICS

A. TFLUX PEAKTNG DURING ON-POWER REFUELING

The removal of a single fuel assembly in an operating
heavy water reactor generally will cause flux peaking in
ad jacent fuel pcsitions, In addition, a locallzed power peak
can be expected when a replacement fuel assembly not poiscned
by fission products 1s inserted into the vacant lattice
position., These perturbations are a potential dlsadvantage
of on-power refueling, The following paragraphs describe
calculations that were made to determine the magnitude of the
first-named effect, 1.e.,, flux peaking in adJacent fuel
positions, over a range of possible lattice parameters, The
calculations Indicate that In practical D;0-cooled reactors
with square lattice pitches near 10 inches, the flux pesking
will be less than 5%. Thils effect thus does not appear to be
a major objection tc on-power refueling, particularly if a
flexible control system such as that described later in this
report 1s used.

Since the effect considered in the calculations involves
a single fuel assembly, tThe heterogeneous HERESY‘l’ code was
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used in preference tc homogeneous multigroup methods. Most

of the calculatlions were performed for a finite lattice of

69 fuel assemblies on a square pitch, This lattice was

assumed to be infinite in the axial (vertical) direction and

to be surrounded by an infinite sea of D0 at 20°C. All fuel
assemblies were of the same kind, and the calculations were
performed first with the central fuel assembly present, and

then with it absent, Absorptions in the outermost fuel assembly
were assumed to be unaffected by the presence or absence of

the central assembly, and were used for normalizatlon purposes.

Lattlice bucklings were fixed by the geometry, since the
HERESY calculations implicitly assume crltlcality. These
bucklings ranged from 120 to 200 puB¥*, depending on. the pitch
and thermal neutron absorption of the fuel assemblles, This
is & falrly small variation, and can be assumed to be constant
at 150 uB for the cases of most interest.

Thermal neutron absorption properties of a fuel asgsembly
arz characterized in the HERESY thecry by a paramter &, The
relation between & and the conventlonal cell properties
{for B: = 0) is

L2\ (1-f 1 L2
5 = (ﬁ) ( = ) v (ﬂn 5t 2.874) (1)

where L2 and D are the diffusion area and diffusion coefficient
for the moderator, f 1s the fraction of neutrons absorbed in
the fuel assembly 1in a cell of arbitrary slze, and V 1s the
area of the cell in cm®. Values of & were chosen to cover a
range of £ of 0.96 t¢ 0.99 at a 10-in. square pitch, The same
value of & at other pitches corresponds to the same fuel
asgembly, not to the same value of f, The values of I? and D
in Equation (1) were 7491 cm® and 0.8315 cm, respectively.

Results are presented in Figure 3 as a function of
gquare lattice pltch and of &, Curve A, corresponding to
an esgembly £ of 0.99 at a 10-in, square pltch, would be
typical for a power reactor fuel assembly,

Two related calculations were made to determine the
sengitivity of the results to buckling and moderator temper-
ature, The effect of lowerling the buckling to zero, as
would be approximately the situation with on-power refueling,
1s shown as a single polnt in Flgure 3 for pitch = 10 in. and
f = 0,99, The increase in flux peaking over the corresponding
point with Bf ® 150 pB is 2%. The increase due to heating
the moderator to 80°C is less than 1%,

* One microcbuck = 107°% em™2
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B. CONTROL SYSTEM FOR 1000-MWe D.0 POWER REACTOR

Many conceptual designs for D 0 power reactors include
cn-power refueling as a primary feature. One of the advantages
of such refueling 1s the decrease 1n the amcunt of reactivity
which must be held in the conirel rods after the reactor has
reached its long-term steady state of operatlon. At thils stage,
the nermal reactivity changes may be controlled by the refueling
cperation, and the control rods serve merely to trim the
reactivity and to shape the flux distribution.

As part of the design study for a 1000-MWe D O0~cocoled
power reactor (Section IV), physilcs calculatlions were made
of the worth of various arrays of stainless steel control
rods placed interstitially in a square fuel lattice of 10.5-inm.
pitch, These control systems are expected to be compatible
with on-power refueling, provided that a chemlcal shim is used
to control reactivity untilil the steady state is reached.
Table VI is a summary of the control rods that were studied.
Each is characterized by the HERESY parameter, &, which was
defined in Equation (1) of the previous section, These
values of 6 were computed in the P-3 approximation to transport
theory. For each of the nine types of control rod, four
different control arrays were considered, i.e.,, with the
control rods plsced at center-to-center distances equal to
2, 3, 4, and 5§ fuel lattice pitches. Rod worths and absorpticn
ratios between fuel and control were calculated by the HERESY
code, Alsc, for a reference case, calculations were made of
the worth of a single control rod placed in the center of the
small fuel lattice shown in Figure %, The calculations with
the single contrcl rod were used, after a correction for radial
flux shape, to obtain the ratic of neutron absorptions in the
control red to neutron absorptions in a single fuel assembly.
These absorption ratics were then translated into values of
Akgpp/Kers for the regular lattices of control rods simply
by dividing by the desired ratic of fuel assemblies to control
rods. The calculations for the fully controlled lattices
ylelded both absorption ratios and Akgrp/Kery Qirectly.

The results of the two types of Ak,per calculations are
shown in Figure 5. The agreement between the different
methods 1s good. Absorption ratios from the single rod
calculations are given in Figure 6. Two curves are plotted,
corresponding tc the ratlos of absorptlons between the
control rcds and the nearest and next-nearest fuel assemblies,
Absorption ratios obtailned from the calculatiocns on the large
lattices are shown in Figure 7. These ratios are corrected
to a flat radial flux, and, as plotted, show the ratlic of
neutrons atsorbed in one control rod tc neutrons absorbed
in a fuel assembly that 1is in the maximum flux.

- 11 -
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In the more wildely spaced contrcl patterns, some flux
peaking will occur in the fuel positions not immediately
adJacent to a control rod, For exemple, when the pitch of
the control array is three times the pltch of the fuel array
(0:1 ratio of fuel assemblies to contrcl rods), the fuel
ssgemblies can be divided into three different groups with
respect to thelr locations. relatlve to the control system,
With the heaviest control rods of Table VI (1/6 = Q.6887),
the relative neutron absorptions in the three different
groups of fuel were calculated to be 1.0, 0.983, and 0.959;
the lowest flgure applles for the fuel adjacent to a control
rod. This lrregularity would be undesgirable in an operating
reactor,

Flgures 5 through 7 were used as a basis for choosing
a control system for the 1000-MWe reactor. Figure 8 1llus-
trates the recommended lattice pattern for the reactor,
Two overlapping control arrays were used, one array containing
full-length rods for trim control, and the other array
containing partial-length rods for vertical flux shaping.
Each control reod array has a pltch equal to twiliece the fuel
pitch. Thue, the over-all ratlo of fuel agsembllies to control
rods within the controlled zone is 2:1, There are 76 full-
length and 81 partial-length rods, all having the dimensions
of Rod 5 (Table VI). The worth {Akere/Kerp) of the rods to
the controlled zone alone wes calculated to be 6,1%. The
worth to the full reactor would be about 5%, which satisfies
the requirements on total k for the steady state loadings.

I1l. REACTOR MATERIALS

A, TUBES OF URANIUM OXIDE

1. ¥abrication of Trradiatlion Test Specimens

As reported in DP-G15, fabrication was completed on two
fuel assemblies (S0T-8-2 and SOT-8-3), each comprising seven
13-in,-long U0, tubes 3,650 in. in outside dismeter and
containing UO, enriched to 1.2% 2°°U. These Zircaloy-clad
tubes resemble in cross section the largest fuel tube of the
3~-tube reference degign desgeribed in pP-830{2!,  Both assemblies
were charged into the EWCTR late in August; they are scheduled
to operate at a refevence design fkdé of 30 watts/em to
exposures as high as 30,000 MWD/MTU. Eight additionel fuel
tubes of this same design were completed and stored for
possible future irradiation,

Eight tubes of the same nominal dimensions as the S0T-8
acgenmblies described above were leoaded with UQ, powder,

- 12 -
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vibratory compacted, and swaged; in contrast to the SOT-8
assemblies, these tubes contain U0, of slightly higher enrich-
ment (1.7% 235U) in order that higher thermal ratings (~40
watts/cm) can be achieved during irrsdiation tests, Current
plans are to flt these tubes with chambered end plugs of the
design being developed for UQ, driver assemblies (Figure 9).

Fabrication of the thirty 2.55-1in.-0D UO, tubes described
in DP-915 was completed. These tubes simulate the intermediate
tube of the 3-tube reference design and are available for
irradiation at maximum thermal ratings of 30 and 40 watts/cm.

2. 0xide Driver Tubes for the HWCTR

Fabrication was started on a set of 2-tube driver fuel
assemblies of mechanlcally compacted UO, for the HWCTR. These
asgemblies will be clad with Zircaloy-2 and wlll operate in
the HWCTR at irradiation conditions of direct Interest for
Ds0-cooled power reactors., Each assembly will contaln a
10-ft-long outer tube and a column of 3 sherter tubes
positioned within the outer tube by means of ribbed washers.
The dimensions of the tubes are listed in DP-915. Two sets
of inner snd outer tubes are to be fabricated by October for
early evaluation and irradiation tests in the HWCTR. Twenty-
four assemblies for a complete charge are scheduled to be
completed by the end of 1964, The status of the oxide driver
program 1s reviewed in the following paragraphs.

Raw Materials

Sheath tubing was receilved for twenty sets of inner
tubes, Evaluation of the tubing is under way, and temporary
end plugs are belng fabricated, Approximately 340 pounds
of 3.8%4 enriched UO, was recelved and 1s being crushed and
sleved for vibratory compaction blends.

Mockup Fuel for Physics Tests

Twelve mockup fuel pleces of the 2-~tube drivers were
fabricated for preliminary physics measurements tc determine
flux and power distribution in the drivers as a function
of %507 loading. The twelve pieces have l4-inch-long cores
of vibratory-compacted UQp in 0,030-inch~thick aluminum sheaths.
Dimensions are as close to the 0D and ID of the driver core
as could be obtained with aluminum sheaths. The twelve pieces
include two outer and two inner fuel sections of each of the
following enrichments: 1.5, 3.0, and 4.5 wt % 22°U.

-~ 13 =
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Prototype Elements for Fabrication Development

Ag described in DP-915, U0, loading studies were conducted
oh two prototype elements made with available tubing of slightly
larger diameter but nearly the same wall thickness as the outer
driver tube. A loading procedure was developed that will
produce a satisfactory U0z density (82% of theoretical) in the
vibratory compaction step. prever; concentricity of inner
and outer sheath tublng could not be improved over that
previously attained (~0.015 in, ); this results in a core
thickness variation of *9%, as compared with g previous
standard specification of *5% for UC, tubes, Calculations
indicate that the larger variation can be tolerated in the
drivers from a heat transfer standpoint; therefore, the wall
thickness tolerance for the UC, drivers was relaxed to £39%.

The two prototype elements were swaged satlsfactorlly and .
will be fitted with end plugs of a new design (Figure §) before
undergoing further testing.

UOs Procurement

Delivery of fused and crushed UO, for the oxide drivers
has been delayed hecause of unexpected difficulty by the
vendor In reducing the nitrogen content to meet the specifi-
cation of less than 50 ppm nitrogen by weight, Two outgassing
treatments were tried by the vendor, namely:

a. Vacuum extraction at 1400°C for 4 hr

b, Hydrogen annealing at 1700°C for 4 hr

Neither method was entirely satisfactory. These results
differ from earlier results (DP-845 snd DP-865), in which
hydrogen annealing and vacuum outgassing were effective in
reducing nitrogen to very low levels. The reasons for this
discrepancy are being investigated, Nevertheless, about

1800 pounds of fused UQ, were treated and shipped. The
nitrogen content was reduced from sbout 400-500 prm to a
range of 30 tc 250 ppm. Only 30% of the oxide contained less
than 50 ppm nitrogen; another 30% contalned 50 to 100 ppm.

The larger nitrogen releases that could conceivably occur
during irradiation will be accommodated by increasing the size
of the vold chambers at the ends of the fuel tubes. The short
inner driver tubes, which present the more serious gas release
prcoblem, will be fabricated with UC; containing 100 ppm
nitrogen or less. The long cuter tubes, which can more
easily afford space for large void chambers, will be locaded
wilth UOQgz that contains 150 ppm nitrogen or less,

- 14 -
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Chambered End Plug

In a new end plug design now being fabricated for test,
the voild chamber for collection of fission product gases is
combined with the end plug. As shown in Figure 9, this new
"chambered" end plug provides several improvements:

a. Inner and outer weld are in separate axial positions,
Individual welds can then be made without overhang.

b. Extenslve boring to remove oxide from the end of the
fuel tube before inserting the void chamber is
avolded. At the 2- to 3-inch depth required for the
outer fuel tube, the boring cperation would be very
difficult and probably inaccurate,

¢. If desired, short radlsal spacers can be welded
directly on the new chambered end plug. Previously,
it was not feasible to weld short spacers to the
Zircaloy cladding.

3. Development of Welded Ribs for UQ, Fuel Tubes

Following fabrication of the first set of UC; drivers,
a simllar set is planned with full-length Zircaloy ribs to
space the fuel tubes. These drivers will conslst of two
nasted tubes, each 10 ft long, with the 0.030-in. (possibly
0.060-1in.) longitudinal spacer ribs attached by electron
beam welding to elther the inner sheath of the outer fuel
tube or the outer sheath of the inner fuel tube. Develcpment
work is under way to compare these two alternativé schemes,

Swaging Tests

In the first scheme, the rib will be welded to the inner
sheatnh prior to fabrication of the fuel tube; the ribbed
sheaths will then be loaded and swaged on a grooved mandrel,
Five sheaths with short ribs attached by the é&lectron beam
process at Dresser Products, Inc., were received, assembled
with outer sheaths, and are scheduled for preliminary swaging
tests next month, The purpose of this initilal test 1s to

determine if ribbed-sheath fuel tubes can be swaged satisfactorily.

Electron Beam Welding

An electron beam welding facllity was installed at
Savannah River Laboratory, as described in DF-905, The

- 15 -
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welding facility is designed such that if swaglng of tubes
with internal ribs 1s not feasible, mlnor modifications to
the equipment will allow ribs to be welded to the outside
of finished, swaged tubes, This method 18 consldered to be
more difficult and to involve more risk to sheath integrity;
therefore it will not be attempted unless internal ribs are
shown to be impractical,

The welding facility comprises a commercial electron
beam welder with 16~in,-diameter by 1l6-ft-long extensions
attached to each side of the vacuum chamber, and a drive
and positioning mechanism to position the ribs relative
to the tube and to move the assembly accurately beneath the
electron beam during welding. During this report period,
nonunlform motion in the drive mechanlsm was corrected by
replacing the lead screw and adding several hearing supports.
Difficulties with several minor electronic components in the
welder were corrected, and test welding of ribs in short
sections of Zlrcaloy tubling was started. '

Internal ribs will be welded to 30 Zircaloy housing
tubes for the next HWCTR driver load beginning early in
September, when the tublng is scheduled to be received.

These housings, whilch have less stringent service require-
ments than sheath tublng, are the first to be welded. The
operating experience will provide an oppertunity to demonstrate
the equipment and to refine techniques and weld'parameters
before progressing. to the sheath tubing, Design and fabri-
catlion of a preclsion expanding mandrel to positlion four
0.060-inch-thick by 0.225-inch-high ribs within the 3.2-inch-
ID Zircaloy housing tube have been completed, Finilshed
dimensions of the mandrel and mechanical drive mechanism
indicate that the tubes and ribs can be posilitioned with
sufficient accuracy for the housing tube application.

A smaller expandling mandrel for positioning internal
ribs on driver sheath tubing was designed. If the swaging
tests described earlier demonstate the feasibility of
fabricating internally ribbed tubes, this mandrel will be
fabricated for welded ribs inside of full-length driver
sheath tubing; techniques develcped during housing tube
welding will be adapted to the driver sheath tubing.

B. TUBES OF THORTUM METAL

Fabrication of two thorium-uranium allcy tubes was
completed, and the tubes were charged into the HWCTR for
an exploratory irradiation test. The objective of the test
is to evaluate the performance of thorium tubes under
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irradiation conditlons that would he encountered in oﬁeration
of a llquid Dz0-cooled-and-moderated reactor operating on an
equilibrium thorium-223y fuel cycle. The tubes are 10 ft
long, contain 1.5 wt % highly enriched uranium, and were
coextruded with Zircaleoy cladding. The nominal 0D and wall
thicknegs are 2.5 inches and 0.30 Inch, respectively, The
antlcipated lrradiation conditicns are an exposure-averaged..
thorium temperature of 500°C (maxlmum) and exposures as high
as 20,000 MWD/MT. '

C. SURVEILLANCE OF HWCTR ZIRCALOY COMPONENTS

Irradiated Zircaloy components from the HWCTR are belng
examined to determine their present condltion, changes 1n
properties caused by irradiation, and the adequacy of simllar
components for eontinued use in the HWCTR (DP-915). Concern
about the continded serviceability of these components resulted
from failures of safety rod gulde tubes and from subseguent
obgervationsg that the corroslion and hydrogen content of the
gulde tubes were greater and the ductility lower than might
be expected. Although this work wae started because of HWCTR
needs, the results should be of general interest wherever
Zircaloy ig uged in nuclear reactors.

The first component to be examined in this program was
a low-nickel Zircaloy-2 heusing from one of the driver
poslticns. The housing was irradilated in HWCTR from March
1962 until February 1964, Total operating time at tube
temperatures of 180-210°C was approximately 6000 hours. The
fast neutron (>1 Mev) exposure was 1.4 x 102° nvt; the peak
flux was estimated to be 4 x 10'® nv thermal and 6 x 1012
nv fast. The irradiation produced typical Llrradiation
hardening; however, no evidence of 1lnadequate ductility or
tendency toward brittle behavior was observed in simple bend
tests., Corrcosion was gubstantially more severe than expected,
but there was no danger from hydride embrittlement because the
low=-nickel Zircaloy~-2 tubing absorbed very little of the
hydrogen. '

Baged on the evaluation of this driver housing, the rest
of the driver housings in HWCTR should exhibit adequate prop-
erties for continued operation throughout the present driver
charge as presently scheduled. Future work on the housing
will inelude hydrogen analyses and hydraullc burst tests
to evaluate the mechanical properties,

In the postirradiation examination, estimates of the
mechanical propertles of the driver housing were made by
bending full- and half-ring sections with a mechanical
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manipulator in a cave. The strength of the Zircaloy was
measured by the force necessary to bend the sections, as
indicated by a grip-force geage on the manipulator. The
tendency of the- -Zircalcoy toward low ductility or brittle
behavior was estimated from the amount of deflectlon necessary
to initiate cracks and fallure, o

Sections from the top of the tube exhibilted-.sirengths

‘very gimilar to unirradiated sectionsg., In the middle

and lower sections of the tube, however, the strength was
increased 50% by the neutron exposure., None of the sections
cracked or falled even at full bend. Dats for the half-ring
sections are shown in Table VII.

The hydrogen content in the housing tube was estimated
to be less than 50 ppm by metallography. Unirradiated
samples contained about 10 ppm, which indicates that a pickup
of 40 ppm or less occurred by in-pile corrosion. - The hydride
platelets were very small and appeared to be oriented pre-
dominantly parailel to the tubing surface, which 1s the most
Tavorable orientation for minimum effect on transverse and
longitudinal ductility.

The zirconium oxide f1llims on the tube surfaces were
mainly black, with a slight "milky" shade indicating the
presence of post-transition oxide. The ZrO; thickness
averaged 0.18 mil and ranged from 0,10 to 0.23 mil, The
Zr0s; thickness to be expected after the same time-temperature
exposure out-~of-pile is 0.03 mil, The film thicknesses
correspoend to weight gains of 67 mg/dm® in pile and 11 mg/dm?®
cut of pille and to Zircaloy consumptions of 0.12 and 0,02 mil,
respectively. The corrosion did not severely reduce the
30-mll wall thickness even though irradliation produced a
sixfold increase in the corrosion rate, Irrddiation effects
gimilar to thls have been observed at other laboratories.

The most interesting aspect of the corrosion data 1is

the extremely small amount of hydrogen absorbed by the housings.
Based on the metallographic estimates, the low-nickel Zircaloy-2

tubing absorbed less than 12% of the hydrogen theoretically
released by corrosion., Similar analyses of the Zircaloy-2
safety-rod guide tubes indicated a hydrogen pickup of 50%.
This comparison supports autoclave tests described by
Westinghouse‘a) in LiOH solutions in which Zircaloy-4 and low-
nickel Zircaloy-2 exhibited hydrogen pickups that were 1/5

to 1/2 those for Zircaloy-2.
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IV. REACTOR DESIGN AND EVALUATION STUDIES

In June 1964, the Du Pont Engineering Department was @
requested by the AEC to develop the design of a 1000-MWe .
Dy0~cocled-and-moderated power reactor in enough detaill for
a budget estimate of construction cost. This etudy is a
direct continuation of two other design studies that have
been completed: (1) a 300-MWe prototype reactor (DP-885),
and (2) a feaslbllity study of D,0 reactors of large capacity
(DP-915). The followlng paragraphs summarize information that
has been developed to date for use in the study. The infor-
mation is in two categories: (1) assumptions and design
parameters, and (2) transient behavior of the reactor,

A, ASSUMPTIONS AND DESIGN PARAMETERS

The general gulde lines and basic assumptions for the
1000-MWe reactor are as follows:

(1) A prototype reactor of about 300-MWe capacity will
be critical by FY-1870. Experilence gained through
deslgn, construction, and operation of the prototype
reactor will be incorporated into the 1000-MWe
degign. Major features will be demonstrated in the
300~-MWe installation or elsewhere before initial
operation of the 1000-MWe plant.

(2) In addition to the construction of a prototype, a
continulng research and development program will
be carried cut to improve the performance and i
economics of the plant.

(3) The plant design will be optimized for the economical
production of electrical energy by use of nested fuel
tubes of UQ,. No speclal provisicns will be made in
the design for operation with thorium fuel.

() The 1000-MWe plant will be rated. for base load
operation, but the design will include instrumen-
tation, etc., required for load-followlng capablility,

(5) The deslgn and estimate will be based on a calandria
concept with Zr -~ 2,5% Nb pressure tubes., However,
a study will be made cf internally insulated pressure
tuves and of Zircaloy-2 or -4 as potentlal alternatives.

(6} The over-all estimate will be based on on-power

refueling, but the differential cost between on-
power and off-power schemes will be determined,
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Basic design parameters for the 1000-MWe cost study are
listed in Table VIII, The lattice arrangement, system
flowsheet, and fuel cross section are shown in Figures 8, 10,
and 11.

1. Steam Conditlons

When the steam pressure for a given primary coolant
temperature 1s optimized, the gain in thermal efficiency
of a saturated steam cycle at high pressure 1s. balanced
against the increased cost of the heat transfer equipment.
Where the fuel cycle cost is low, as in D,0 reactors, the
optimum is reached at fairly low thermal efficlency and low
capital cost. The cptimum steam pressure is about 500 psi
if the turbine cost is not influenced strongly by the throttle
pressure, However, at a power of 1000 MWe, the throttle
pressure has a strong Influence., Because of slze llmitatlons
on last gtage blades, and the associated exhaust loadings, =a
single turbine=-generator unlt can be specified for 1000 MWe
only if the throttle pressure is at least 600 psi. At lower
pressures, two 500-MWe units must be provided at a significant
increase in capital cost, For this reason, a throttle pressure
of 600 was specified. Also, economizers were recommended as
a meahs of increasing the temperature approach in the steam
generators and thereby decreaslng the required heat transfer
area.,

2. Heat Removal

The flowsheet shown in Figure 10, with economizers after
the fourth feedwater heater, was predicted to be the optimum
arrangement for the 1000-MWe reactor., Adding a fifth heater
to raise the feedwater temperature to 207°C increases the
thermal efficlency from 30.4 to 30.7%, but results in signifi-
cantly lower temperature differences and hilgher heat transfer
areas in the steam generators and economilzers.

The power input to the heat exchangers is 3570 MW, of
which 50 MW is pump power and 3520 MW is transferred to
the coolant in the fuel assemblies. The total flow is
350,000 gpm of Dy0 at 264°C, and the temperature rise in the
reactor 1s 36°¢,

3., Core Performance

The reactor core congists of 516 fuel assemblies, arranged
as shown in Figure 8. Assemblies in Zones 2, 3, and 4 (the
outer 3 rows of fuel assemblies) are expected to operate at
90%, T75%, and 60%, respectively, of the average flat zone
agsembly power, which is 7.6 MW. The ratlo of maximum power
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to average power in the flat zone is maintained at about 1.2
in the axial directlon by manipulation of partial-length
control rods, This ratio is 1.4 in the buckled zone.

A 10,5«~in, lattice pitch was specified by the Engineering
Department as the minimum that would provide necessary
clearances between the stacks of inlet and ocutlet piping and
the shield tube extensions.

4, TFuel Performance

The fuel assembly concept proposed for the reactor is
shewn in eross section in Flgure 11, It consists of three
concentric tubes of mechanically compacted UQOy; in Zircaloy
sheathe, These fuel tubes are separated from the pressure
tube by a housing tube that can support the entire fuel
assembly and can be removed from the reactor if necessary
in the event of a fuel faillure., Fuel tubes are spaced by
means of ribs that are electron beam welded to the inner
sheaths prior to loading the UQp. The feasibility of this
spacing ccncept has not been established (see Section ITIIA).

Fuel assemblies are designed so that each coolant channel
has the same coolant temperature rise and each fuel tube has
the same minlmum safety factor on heat transfer burnout. The
fuel agsembly has a minimum core thickness of 0,195 inch and
a minimum coolant channel thickness of 0.180 inch. The
maximum [kd8 at 7.6 MW is 32 watts/cm (intermediate tube),
and the maximum coolant velocity is 50 ft/sec {(axial channel),
The average exposure of the fuel is 20,000 MWD/MTU, and the
fkde of the hottest fube averaged over the exposiure 1s about
35 watts/cnm. '

It is estimated that the power of a freshly charged
assembly will be about 30% higher than the average, or 9.9 MW.
The maximum [kd§ at 9.9 MW is 42 watts/cm, and the maximum
heat flux is 520,000 pecu/(hr)(ft2®) at the inner surface of the
inner tube. If the flow-zoning efficiency is 90%, the coolant
temperature rise in the hottest assembly is 51°C, and the
resulting bolling margin at the outlet is 6°C. A steam quality
of abcut 2% is expected at the outlet of the hottest subchannel,

Individual fuel positions are monitored for coolant flow,
temperature rise, and activity. Flow and temperature monitoring
are asgsential in this type of reactor to obtain the desired
power at reasonable fuel temperatures and heat fluxes, The
activity monitecr provides the most sensitive indication of a
fuel element failure,
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B. TRANSIENT RESPONSE STUDIES

A preliminary study was initiated of the transient
response of the 1000-MWe resactor system in order to assist
in the design of the over-all plant control system, the
design of the secondary steam system, specification of the
safety rellef system, and the requiremerits of the primary
presgurizing system. The procedure and results are discussed
below,

1. Reactor Model

The mathematical model used to simulate the plant is
shown in Figure 12, in which the plant 1s suhbdlvided into
heat capacity blocks and instantaneous mixing of the coolant
within each block 1s assumed. This approach has been used
successfully in studiles of the transilent behavier of the
Savannah River production reactors and of the HWCTR (Dp-245),
The equations expressing the enthalpy balance of the primary
system are llsted below:

HTy = PPy - U (T, - T)

2T = Ty + Tg
HpTp = Uy (T, - T) - Fl(Ta" Ts)
Hals = F1(Tg - Ts)
HoTy = Fo(Ta - Ty) - Ux(Ty - Tg)
Hsls = Fi(Ts - Ts)

H; = heat capacity of the fuel, MW-sec/°C

Tl,TE,TS, gtec, = time derivatives of temperature, 8¢ /sec
P = power of the reactor relative to the initlal power
P = initial power of the reactor, MW

T, = effective temperature of the fuel, °C

T = average temperature of the coolant in the resactor

core, °C
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product of the heat transfer ccefflicient and the heat
transfer area of the fuel, MW/°C

<
'_l
i

H, = heat capacity of the reactor coolant core, MW-sec/°C

outlet temperature of the reactor coclant, °C

H
N
L]

Ts = inlet temperature of the reactor coolant, °C

Hs = heat capaclty of the reactor cooclant system from the
reactor to the steam generator, MW-sec/°C

Ts = coolant temperature at the inlet to the steam
generator, °C

Hy = heat capacity of the steam generator including the
fluld on the secondary side, MW-sec/°C

T, = temperature of the D 0 leaving the steam generator, ec
F; = flow rate of the primary coolant, MW-sec/°C
U, = product of the effective heat transfer coefficlent
and the heat transfer area in the steam generator,
MW/°C

Hs = heat capacity of the primary coolant system from the
steam generator to the inlet of the reactor, MW-sec/°C

Ts = inlet temperature to the reactor, °C

The equations that were used to described the secondary
system are:

A =6 -g fatfa)

8 8 1 m
G mh = Ug(Ty - Tg) - Fa(Te - Tg)
. n R(Tg + 273)
s v
s
Tg = f(PS) for saturated steam
where
n_ = the quantity of steam in the steam genersator and

plping, mols
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Te

the rate of formation of steam in the 8team generator,
mols/sec

steam flow rate to the turbine, 1lb/sec
relative flow rate to the turbine

relative flow rate through the turbine bypass
pounds of steam per mol

heat of vaporizatioh, MW-sec/1b

temperature of the feedwater returning to the steam
generator (assumed constant), °C

pressure of the steam in the steam generator, psia

combined volume of the steam in the steam genserator
and turbine piping, ft°

gas constant, psi-ft3/%K - mol

temperature of the saturated steam, °C

The above equatlions were combined with the neutronic egquations
that are listed below:

>51

I

Gy =2 (P-cC) 1=1,2, 3,4

P1Cy

-

F*bﬂ#‘Htﬂ.z}J

ko= o, (T, - T9) + a(T - T°) + k;

concentration of the ith Dprecursor
th -1
decay constant for the i Zroup, Sec
. th
yield of the i precursor group

excess reactivity

temperature coefficient of the fuel, per °0C
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= temperature coefficient of the coolant, per °C

change in reactivity caused by movement of the control
and safety rods

ky

The system is exclted by one of the three driving functions
listed below:

k; = 1'.11(13)
£y = £1(t)
fa = fa(t)

The values that were used for the input constants and
steady-state conditlons are shown in Table IX. These values
closely approximate those associated wlth the design parameters
in Table VIII,

2. Results

The nuclear behavior of the reactor system is relatively
independent of changes in the turbine load since the coclant
ccefficlient of reactlvity 1s very close to zero, Thus, the
behavior of the reactor system depends almost exclusively
upen the reactor control system and the characteristics of
the reactor core., To guide the control engineer in defining
the control system required for matching the reactor power
to the turbine load, calculations were made of the effects
of load changes and upsets. The results indicate that the
turbine and reactor systems can be controlled and protected
by normal control design,

In the examples discussed below, load changes were
simulated by step and ramp changes in the steam flow to
the turbine. Also, the effects of a turbine trip folleowed
by a reactor scram were studied as a function of the fraction
of steam that is bypassed following the turbine trip-out,

Figure 13 shows the transient response following a step
decrease of 5% in the steam flow to the turbine, Two cases
are shown: in one there is no movement of the reactor control
rods, and in the other the rods are moved for 30 seconds at
a rate equivalent to -1.2 x 207° k/sec, With this movement
of the control rods, the pressure of the steam increases from
500 te 515 psi in about 30 seconds.

Figure 1% shows the transient response following ramp
changes in the lcad. The steam flow to the turbine is changed
at a rate of 10% per minute for a cne-minute interval,
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Throughout the one~mlnute interval, the control system changes
the reactivity at the rate of -1.2 x 107% k/sec.

Figure 15 shows the pressure transient in the steam
gensrator following a turbine trip-cut. In the calculation,
it 1s assumed that the reactor is scrammed 2 seconds after
the trip-out and that a fraction of the steam flow to the
turbine is bypassed to the turbine condenser. The results
show that the peak In the pressure transient is a sensitive
function of the fraction of steam that 1s bypassed. With
no bypass, the pressure Increases from 500 to 750 psi In
20 seconds, With 50% of the steam bypassged, the pressure
increases to only 600 pei in 10-12 seconds,
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TABLE T

Qperating Chronology of -HWCTR

July 1 - 13 Operated at 41 MW
13 Shut down -~ steam generator leak
14 Received fuel failure indications
14 - 26 Repaired leak 1n steam generator No. 1
17 TIdentifled failed element
26 Attained criticality
27 Attained 30 MW
28 Attained 41 MW
29 Attalned 42.5 MW
29 ~ 31 Operated at 42.5 MW
August 1 Attained U4 MW
1-7 Operated at L4 MW
7 Shut down - scheduled fuel inspections,
annual tegts
T - 27 Inspected test and driver fuel, com-

pleted containment test, Inspected and
repaired steam generator No, 2

a7 Attained criticality, 30 MW

28 Attained 40 MW

29 Attained 42,5 MW

29 - 31 Operated at Lo 5-48,5 MW
TABLE II

Operating Summary of HWCTR

July August
Time reactor critical, % 55.3 41.8
Maximum power, MW 42,5 48.5
Reactor exposure, MWD Drivers Test Drivers Test
For month 578 102 456 8o
Total accumulated in Cycle H-2 1961 352 2417 L34
Losses
D0 (100 mol %), 1b 633 473
% of inventory per year 10.9 12:0 %%
Deuterium, g 2986 _ 2610
Hellum, scf 67,705 53,130
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TABLE TI1

Test Puel Irradiation Data
July-Auguss 1064 (a)

Reactor power 42 MW (Cycle 2.3} Coolant inlet temperature 185°C
Ll MW (Cycle 2.4) Moderator outlet temperature 200°C
48,5 MW (Cyele 2.5) Coolant inlet' temperature 230°C
Coolant pressure 1200 psig (Liquid locop, position 38)
Moximum Nominel Conditicns (e)
Assembd Specific Meximum Expogures
Element Test Powerid), Power(e),  Heat Flux, Outlet Burface Core-Glad Core fkas, watt-days/g
Pogltion MNupber‘D) Cyclefe) MW watte/g  peu/{hr}(ft®*) Temp., °¢ Temp., ¢ Temp., °C Temp., °C watts/em Attained Goal
37 CANDU 2.3 1.09 29.3 - 143,000 213 216 239 - 29,3 6470 10,000
TMT~1-3 2.5 1.16 60.3 464,000 21) 259 4oz 519 - 305 20,000
38 80T-6-2 A11 0.56 45.8 259,000 2l 266 . 320 - 28,0 2560 30,000
39 ENT-2(5/8) 2.3 0.70 95 470,000 197 247 368 AT - - -
EMT-2(21) 2.4 0.88 120.0 595,000 198 261 b1y S04 - 35 10,000
50T-8~2 2.5 1.03 £8.3 334,000 199 241 351 - 31.9 345 30,000
4o SOT-1-% 2.3,2.4 0.63 5.6 338,000 193 235 333 - 26,7 - -
[ TMT-1-2 2.5 l.21 63.0 484, 000 212 262 11 533 - 315 20, 000
n Lo 0T-1-2 2.3,2.4 0.76 67.1 312, 000 194 231 325 - 24,8 12,020 30,000
0 50T-8-3 2.5 1.30 86.7 421,000 203 255 293 - 40,2 435 30,000
! 55 OT-1=7 2.3 G.62 60.5 280,000 195 231 315 - 22.3 - -
80T-6-3 2.h,2.5 0.57 45,2 256,000 221 279 340 - 27.8 665 30,000
56 RMT-1-2 2.3,2.4 0.64 57.5 300,000 221 294 L7 522 - 2735 10,000
S50T-1-% 2.5 0.57 65.1 290, 000 192 237 321 - 23.0 9925 30, 000 -
57 SMT-1-2 2.3,2.4 0.59 40.1 310, 000 206 296 367 430 - 4560 10,000
oT-1-7 2.5 0.73 64,0 297,000 155 241 330 - 23.6 7830 30,000
58 S0T-1-2 A1l 0.59 66.0 296,000 192 230 316 - 23.4 15,210 30,000
59 S0T-g.2 0.84 £5.3 370,000 229 297 384 - 40.0 330 20,000
60 SMT-1-3 2.3,2.4 0,46 42.3 328,000 202 304 38 4y5 - 4855 10,000
OT-1-4 2.5 .75 69.2 321,000 195 243 339 - 25.5 BL05 30,000

, (a) Data taken ms follows: (ycle 2.3 - July 13; Cycle 2.4 - August 4; Cycle 2.5 - August 30; exposures as of August 31, 1364,
(b) Elements are identified in Table IV.
(¢) Test cycles within the report period were: 2,3 July 1 to July 13
2.4 July 26 to August 8
2.% August 25 to August 31
{d) "Flow-AT" power calculatlon; doss not include moderator heating.
(e) These values are based on an assembly power of 1,09 times "Flow-AT" power to include moderator heating.




TABLE IV

Test Fuel Identification

Designation - Shape oD ID Unit Length Units Fuel
CANDU 19-rod bundle 0,600" each - 19-1/2" 5  Natural UQ, sintered
pellets in Zircaloy
s0T-1 Tube 2.06" L.h7" b 7 1.5% enriched U0, vibrated
and swaged in Zircaloy
0T-1 Tube 2.06" 147" 10! ‘ 1 Same as SOT-1
1
o 80T-6 Tube 2.54" 1.831 iun 7  Natural U0z vibrated and
\O swaged in Zircaloy
! s0T-8 Tube 3.67" 2.99" in" 7 1,2% enriched UQ, vibrated
and swaged in Ziresloy
S0T-9 Tube 2.54" 1.83" 14" 7 1.2% enriched UO, vibrated
and swaged in Zircaloy
TMT-1 Tube 2.55" 1.85" 10! 1 1.4% ®%5y in thorium core
in Zircaloy
EMT-~-2 Tube 2,06" 1,70" ar! 1 3% enriched uranium
alloyed with 1.5% Mo in
Zircaloy
SMT-1-2 Tube 1.70" 1.24" 11-1/4" 1¢  Natural urenium alloyed
with Fe, Al in Zircaloy
SMT-1-3 Tube 1.70" 1.24" 11-1/4" {5  Natural uranium alloyed
with Fe, Al, 8i, in
Zircaloy
RMT-1-~2 Tube 2.07" -1.57" 107 1 Unalloyed natural uranium

in 60-mil Zircsloy cladding




TABLE V

Dimensional Changes of HWCTR Drivers(a)

First Exposure Second ExXposure

Perlod Period Total

Fuel Tube No. 1 _jjg-days)(b) (38 days)(P) (17 days)(b)
Maximum metal temp., ©C 535-540 560-575 -
Maximum burnup, atom % 0.336 0.437 0.773
OD change, %(c) -0, 2 40,2 o
ID change, %(C) +0.1 -0.3 -0.2
Volume change, %(c) -1.6 +2.6 +1.0

Fuel Tube No, 18
Maximum metal temp., ©°C 535-540 575-585 =
Maximum burnup, atom % 0.336 0,452 0.788
OD change, %'¢) -0.2 +0.1 -0.1
ID change, %(C} -0.05 ~0.2 -0.2
Volume change, %(c) -0.8 +1.0 +0.,2

Driver fuel cores are U-Zr alloy (9.3 wt % U, fully enriched);
the tubes were fabricated by coextrusion in Zircaloy-2 sheaths,
The clad tubes are 1.96-in. ID, 2.30-1n. CD, and 10-ft length.
Equivelent days of full-power operaticn,

At point of maximum burhup.
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TABIE VI

Control Rod Designs for D.0-Cooled Reactor
Material: stainless steel

Control : (a)

Rod Type . 0D . In Geometry 1/, em
1 0.6 in, - Solld rod 0.234%1
2 0.8 in. - Solid rod 0.3532
3 1.0 in. - Solid rod 0. 4674
4 1.0 in. 0.8 in. Tuve 0.244Y4
5 1,28 in, 1.0 in. Tube 0.377€
6 1.56 in, 1.2 in. Tube 00,5070
7 Rod 1 inside Rod 4 Rod and tube 0.3902
8 Rod 2 inside Rod 5 Rod and tube 0.5506
9 Rod 3 inside Rod & Rod and tube 0, 6887

(a) See Section IIA of text for definition of 5.
(b} Fuel design is shown in Figure 11,

TABLE VII

Bend Tests on Half~Ring Sections rrom
Irredieted Driver Housing No, 19

Material: Low-nickel Zircaloy-2 |

‘ Corrcaicn Metallographlic
Typlcal Calculated Estimate of

Position of  Relative Coolant Force Zr0, Welght Hydrogen
Specimen in Neutron Temp., Required, Thickness, Galin, Content,

Housing Flux o¢ ib gracks mil md/dm? ppm
Top c.27 130 ho-48 No 0.17~0.23 63-86 <50
Middle 0.97 200 53-59 No ~0.18 67 <50
Bottom 0.34 205 56-64 No 0.10-0,18 37-67 <50
Unirradiated 0.00 30-40 No ~10
Corrosion expected
in an autoclave in
6000 hr at 200°C 0.03 11

- 31 -




ik

TABLE VITT

Desim Parematers of 1000-MWe Idquld D0-Cooled Reactor

Fuel Desgign
Fuel geometry

Fuel material

Number of fuel tubes

Cladding material

Brecpure tube material

Calandria tube material

Lattice pitenr, in.

8ystem pressure, psila at outlet header
Depign pressure, pela

Design temperature, °C

Lledding thicknesa, wmila

Welght of fuel, 1b/ft U0,

Inlet temperature, °g

Max, outlet temperature, °C

Min. sutlet temperature, °C
Moderator outlet temperature, °C
guter coolant channel thickness, in,
Puel length, in.

Fuel denszity, UD,, % theoretical
23%7 content, %

Hx0 in moderator, %

Calandria tube thiclmese, mils
Ingulating annulus thickness, mlle
Power of avg., flat zone asgembly, Mwh
Max, assembly power, MWt

Max. subchannel velocity, f£t/eec
Flow, gpm at 264°9¢

Friction loss, psi

Max. surfece temperature, °¢

Max. [kde, irmer and intermediate tubes,
watta/en

Max. [kd@, outer tube, watta/em
Max. heat flux, pew/(hr)}{ft2)
{alandris tube (Zircaloy-2)
on, in.
Ip, in,
Pressure tube (Zr « 2.5% Nb)
oD, in.
i, in.
Housing tube
oD, in,
ID, in.
Fuel tubes - Clad diameters
Ho, 1 0D, in,
ID, in.
No. 2 0D, in.
ID, in.
No. 3 0D, in.
ID, in.
Core Design
Thermal power, MW
Moderator power, MW
Bumber of fuel posltlons
Mumber of control and safety positions
Min. reactivity in controel, %

S

N

Tubes
"0,
3

Zircaloy«2 or «4

Zr - 2.5% Wb

Zircaloy«2 or i

0.5
1o
2000
321
25

20
264
315
290
90
0.180
180
92
1.185
0.3

120
1.6
9.9
50
750
50

350 (local poiling)

4z
32
520,000

4.93
4,81

4.57
4,12

4,00
3.94

3.58
3.09
2.49
1.89
1.8k
0,61

3520
140
516
183
1.0
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Core Desien {Continued)

Core radiue, in.

Flat zone radiug, in.

Radial reflector, in,

Cora length, ft.

Axial rerflector, in.

Inlet tempsraturs, °C

Cutlet temperature, °C

Total coolant flow, gpm at 26i°C
No. of coelant loops

Fuel inventory, TU

Avg, specific power, MW/TU
Fuel exposure in B.Z,, MWD/TU

on-
Fuel exposure in F.Z,, MWD/TU (power )

fueling,
Avg. exposure, MWD/1U

Shield Design {based on shielding rejuirements}

Shield Thickness
Radisal thermal, in.
Top thermal, in.
Bottom thermal, in.
Radizl biclogical, in.
Shield Heat Load, Btu/hr
Radial thermal
Top thermel
Bottom thermal
Steam Generator Design
Input power to steam generators, MW
over-all U, pecu/(hr)(re®)(°c)

Mean AT, °C

Heat tranefer area, rt?
Pressure on steam eide, psia
Steam temperature, 9¢
Economizer Design

Input power 1o economizers, MW
Over-all U, pew/(hr){£t2)(°c)
Mesn AT, °C

Heat transfer area, It
Turbine Deeign

No. of feedwater heaters
Feedwater temperature, °F
Throttle pressure, psis
Grose turbine efficiency, %
Gross electrical cutput, MW
Power used by auxiliarles, Mw
Net electrical power, MW
Reactor fiesion power, MW

Net system efficiency, %
Pressure Drops, ft of coolant at 264°C
Plgtails

Pressure tube extensions

Coolant he.aders
Primary coolant piping
Steam generator
Fuel zsgembly
TOTAL

135
104

16

15

18

264
300
350,000
6

62

59
15,000
22,000

19,000

12
21
21
114

250,000
260,000
260,000

2680
800

29
244,000
630

254

590
400

40

TO, 000

360

30.4
1085
85

1000
3660
27.3

130
130
10
160
Lo
140

610




TABLE IX

Input Data and Steady-State Values

for Kinetics Study of 1000-MWe Reactor

Input Constants

Steady-State Values

20 MW-sec/°C
4o MW-sec/°C
500 MW-sec/°C
2500 MW-sec/°C
700 MW-sec/°C
5.0838 Mw/°cC
160.8 MW/°C
91.0 MW/°C
9.917 MW/°C
0.040 1b/mol
0.80 MW-sec/1b

0.0426 psi-ft3/%K-mol

22,800 rt°
Loo0 1bs/sec
0.02484
0.1993

1,384

0.2360 x 107°
0.001826
0.004%k2
0.001121
0.0000908

1 x 10~%/9¢C
o

197.0°C
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1000°C
304.2°C
304, 2°
26k, 2°¢C
264 ,29¢C
1.0

1.0

1.¢

1.0

0.4%954 x 10° mol
501.6 psia
3640 MW
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Isotopic Purity, Dissolved, std ¢c/kg D,0 Chloride,
mol % D0
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FIG. 10 FLOWSHEET FOR 1000-MwWe D,0.COOLED REACTOR
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