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ABSTRACT

The HWCTR was operated most of January for lrradiation
tests of variousg fuel assemblies. The reactor was shut down
early 1n February for repalr of a D0 leak 1n one of the
steam generators. The Dp0 loss durlng reactor operation in
January averaged 14 pounds per day, which is equivalent to
an annual losg of 7% of the inventory.

An assembly of compacted U0, tubes was undamaged by
irradiation to 10,000 MWD/tonne in the HWCTR; the free gas
content of the tubes was somewhat lower than expected. Two
Zircaloy-clad tubes of unalloyed uranium exhlbifted large
local decreases in outer diameter during lrradiation to
7,000 MWD/tonne.

Experimental data were obtalned at Columbla Unlverslty
on heat flux limits for water flow in tubular channels at
750 to 1500 psia. Burnout measurements were made on single
tubes and on three tubes connected 1n parallel to a common
coolant supply.
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PROGRESS REPORT
JANUARY-FEBRUARY 1964

INTRODUCTION

Thls report reviews the progress of the Du Pont develop-
ment program on heavy-water-moderated power reactors. The
over-all goal of the program 18 to advance the technology of
these reactors so that they could be used in large power
stations to generate electricity at fully competitive costs.
Program emphasls is being placed on reactors that are cooled
by liquld Dy0. The prinelpal phases of the program are:

(1) the irradiation of candidate fuels and other reactor
components 1n the Heavy Water Components Test Reactor (HWCTR),
(2) the development of low-cost fuel tubes for use 1n large
water-cooled reactors, and (3} the technlcal and economic
evaluatlion of warious reactor design concepts.

SUMMARY

Early in January, the HWCTR began operatlion at power
with the second set of driver elements. Irradliation testing
of fuel elementa continued uneventfully until a shutdown was
forced by a Da0 leak in a steam generator tube. Attempts to
determine the nature and cause of the tube fallure were
unsuccessful. The leaklng tube was lsolated by pluggling each
end. The steam generator showed little evlidence of any kind
of attack. ’

During HWCTR operatlon at power durlng January, the total
D0 loss averaged 14 pounds per day, which 1s egulvalent to an
annual loss of 7% of the inventory. Thisz is the lowest loss
rate experienced in the HWCTR thus far.

Fostirradiation examinatlon of an assembly of compacted
UC, tubes from the HWCTR revealed no indlecatlons of aheath
collapse or other significant mechanical damage. The tubes
were examined after successful Irradlation to a maximum
exposure of 10,000 MWD/tonne at a time-averaged maximum [kdé
of 26 watts/em. Dimensional changes were small, and the only
visible damage was minor wear (from housing tube ribs) on two
of' the tubes. The total amount of free gas 1in the tubes was
about 20% lower than was expected on the basis of gas release
measurements on other UQ, assemblles.

Two Zircaloy-clad tubes of unalloyed uranium exhiblted
large local changeg In outer dlameter when 1lnspected after




irradiation to 7000 MWD/tomme at a uranium temperature of 500°C.
Iittle change in outer dlameter occurred at exposures up to
5000 MWD/tonne; at higher exposures, the outer surface of each
tube became very irregular. The maximum local decrease l1n
diameter was 0.050 inch.

Additional data on heat flux 1limits wlth water flowlng
inside tubular channels were obtalned at Columbia Unlversity.
Experiments were conducted at 750 to 1500 psla wlth single
electrically heated tubes, and at 1500 psla with three ftubes
coupled In parallel to Inlet and outlet coolant plenums. The
heat flux limits {inciplent burnocut) for three tubes in parallel
were esgentially the same as for a single-tube assembly. The
limits are compared in Figures 7 and 8 with representative
operating conditions for a liquid-Dy0-cooled reactor. The
comparison indlcates not only that tubular passages in current
fuel deslgns have adequate margins from heat tranafer burnout
at normal operating condltlions, but also that substantial
deviations from normal operation could ecccur without burnout.

The basls for the current deslgn study of a prototype
Do0-moderated power reactor was revised wlth the objective of
achieving the minimum capital cost consistent with the main
cbJectlves of the prototype. Thorlum contreol rods and blanket
elements were eliminated from the design, and the reactor
core 18 to be no larger than 1s necessary to demonstrate ripple
factors, control rod manipulations, and fuel management
techniques. It is anticipated that encugh data could be
obtained from operation of the prototype and from supporiing
experiments to demonstrate the essentials of the UZ3® breeding
potential of Dz0 reactors. {




DiSCUSSION
I. THE HEAYY WATER COMPONENTS TEST REACTOR (HWCTR)

The HWCTR i8 a DpO-cooled-and-moderated test reactor in
whieh candidate fuel agsemblles and other reactor components
are bhelng evaluated under conditions that are representative
of large Dp0-moderated power reactors. ') Currently, fuel
assemblies of uranium metal (coextruded with Zircaloy cladding)
and assemblies of uranium oxlde (mechanlcally compacted in
Zirecaloy sheaths) are heing irradiated 1n this reactor.

A. REACTCR OPERATION

Operation of the reactor at power wlth the second set of
driver elements began on January 7. The maximum power was
limited to about 37 MW by a maximum of 5%0°C on the central
metal temperature In the hottest driver. The powers in the
test fuel were 25% lower under these condlitions than they were
at the end of the cycle wlth the flrst set of drivers. As the
U235 in the new drivers 1s consumed, the neutron flux and the
speclfic powers in the test fuel wlll be increased gradually.

The reactor was shut down on February 4 when a Dp0 leak
developed 1n the No. 1 steam generator. The leak rate lnto the
secondary cooling water in thls generator increased from its
usual value of 5 lb/day to about 150 1lb/day. The increased
leskage was detected by a gamma monitor on the secondary water
system; the reactor was shut down promptly, so only a small
amount of Dz0 was lost. Subsequent investigation revealed
that the leak was 1n one of the carbon steel tubesg at a peoint
between the tube sheet and the flrst baffle. Attempts to view
the leakage polint were unsuccessful; however, corroslion on the
secondary silde of thls and other tubes in the vieinity of the
leak dld not appear to be severe and 1s not thought to have
caused the leak. The leaklng tube was plugged and the steam
generator was returned to service.

Reactor startup operationa subsequent to repalr of the
steam generator were halted by the discovery that a plywoed
plug had been left in the main Dg0 cooling system upon
completion of the repair. Pleces of the plug entered the
reactor and partlially blocked the inlet screens of the fuel
asgsembllies. In addition, the moderator was contaminated.
At the end of this report perlod, a program for cleanup of
the system was belng formulated.
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During the reactor shutdown, ohe assembly of short uranium
tubes (SMT-1-3, described in Table III) was removed from the
reactor for visual examination. The asgembly appeared to be in
good conditlon, and was reinserted for further irradiation. In
addition, two new fuel assemblles were charged. One of the
agsemblies contained 2.54-inch-0D tubes of compacted UOp; these
tubes are the SOT-9 elements described in DP-885. They are
expected to operate at a maximum fkdé of 30 to 40 watts/cm
during thelr lifetime in the reactor. The second assembly
contained a single 40-inch-long tube of uranium alloyed with
1.5% molybdenum. In earlier capsule tests in a Savannah River
production reactor, the U - 1.5% Mo exhibited better volume
gtabiliity than unalloyed uranium. On the basls of these tests
and data on hardness properties at operating temperatures
{see DP-735, DP-755, DP-T775, DP-785), U - 1.5% Mo is regarded
ag a promlsing alternative to unalloyed uranium for Ds0-cooled
power reactors. ‘

B. Dp0 LOSSES

The Dp0 loss from the HWCTR for the operating period from
January 7 to February 4 was 14 1b/day, which is 9 1b/day lower
than for any previous operatling periocd of comparable length.
About 5.5 1b/day was lost through the steam generators and
purge cooler, leaving 8.5 1b/day (4.4% of inventory per year)
ag unaccounted losses. The repairs to the steam generator in
December reduced the leakage from this source by 2.6 lb/day.

The remainder of the reductlion 1In lealk rate was due to tightening

of flanges and valve packings and to lmprovements in the leak
collection aystem.

[!. REACTOR FUELS

A. GENERAL

Two types of Zirealoy-clad fuel elements are currently
under development in the Du Pont program on Dz0-cooled power
reactors: mechanically compacted tubes of uranium oxlide and
coextruded tubes of uranium metal. In the development of these
two alternative fuels, primary attention 18 being glven to fuel
element desligns and fabrication methods that offer promlise of
low fabrication ecosts when the elements are produced in the
volume required for several full-scale reactors. At present,
the uranlum oxide tubes are receiving program emphasis pending
the ocutcome of current irradiationa of both types of fuel 1n
the HWCTR.

S



In addlitlon to the program on uranlum fuels, a modest
irradiation program has been initiated on thorlum fuels (see
DP-885), The ultimate objective of thls program 1s to develop
fuel elements that would he suitable for use iIn DgO-thorium
breeder reactors.

B. POSTIRRADIATION EXAMINATION OF URANIUM OXIDE TUBES

Test assembly SOT-1-3 was disassembled after successful
irradiation 1n the HWCTR fo & maximum exposure of 10,000
MWD/tonne, and examlnation of the fuel was started. Thils
asgembly contained seven Zlrcaloy-clad tubes of compacted UOD,p
(2.1 inches in OD, 1.5 inches in ID, 14 inches long). Four of
the tubes were fabrlcated by vibratory compaction alcne, and
three were fabricated by vibratory compactlon and swage
compaction. The time-averaged maximum thermal rating ([kd@)
was 26 watts/ecm. Two other assemblies of the same design are
being irradiated to goal exposures of 20,000 and 30,000 MWD/tonne
(80T-1-2 and SOT-1-4; see Table III).

There were no indications of sheath collapse in any of
the tubes. The only vislible damage to the tubes was minor
wear on the two tubes at the top end of the fuel column. The
wear was caused by ribs on the Zircaloy housing tube. The
maximum depth of cladding wear was 0.005 inch. This damage
18 about the same as that observed halfway through the
irradiation test (see DP-865); at that time, the topmost fuel
tube was replaced with a steel dummy plece because of wvibration
damage.

Observed changes in dimensions of the tubes were small
and are of dquestlonable slgnificance. The greatest average
change in outer diameter was +0.002 inch (0.1%). Changes in
inner diameter and tube volume are uncertaln because of
discrepancies in preirradlation measurements, but are belleved
to be less than 0.3% and 1%, respectively.

The total amount of free gas in the tubes was about 20%
lower than was expected on the basls of gas release measure-
ments on other UQ, assemblies (see DP-875). The free gas
content ranged from 48 to 135 cc (STP) per kilogram of UQp and
increased with thermal rating of the tubes. The highest gas
release corresponds to calculated maximum internal pressures
of 420 and 180 psig during irradiation and durlng reactor
shutdown, respectively. The former value 1s 800 psi lower
than the coolant pressure, and the latter 1s 1000 psl lower
than the estimated pressure for sheath collapse. Flssion gas
releases are belng determined for the SOT-1-3 tubes. When
these data are available, predictlons can be made of the
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pressure bulldup in companion fuel tubes that are belng
lrradiated te higher exposures. The total free gas contents
of the S0T-1-3 tubes 1ndicate that the companlon elements
should be able to operate to 30,000 MWD/tonne before an
Internal pressure of 900 psl is reached. This presasure is
3/4 of the HWCTR coolant pressure and 1s regarded as a safe
operating limit.

C, POSTIRRADIATION EXAMINATION OF URANIUM METAL TUBES

Preliminary examinations were made on two Zircaloy-clad
tubesa of unalloyed uranium that were lrradlated successfully
to a maximum exposure of 7000 MWD/tonne at time-averaged
maximum temperatures of 500 and 514°C. Both of the tubes
exhlibited unexpectedly large decreases in outside dlameter
in the reglon of maximum exposure. The decreases occurred
in the later stages of irradiation, as evidenced by the fact
that no significant diameter decreases were observed when one
of the tubes was inspected earlier aft a maximum exposure of
3700 MWD/tonne (see DP-875). No data are available yet on
changes 1n inslde dlameter.

ILongltudinal proflles of the outslde dlameters of the two
fuel tubes are shown in Flgure 3. Calculated exposures at
one-foot 1ncrements of tube length are also displayed. Little
change in dlameter was observed at exposures as high as
5000 MWD/tonne*; at higher exposures, the outer surface of
each tube became very I1rregular. The maximum local decrease
in dlameter was 0.050 inch. Plots of the outslde periphery
of the tubes at selected locatlons are presented in Figure 4.
From the appearance of the plots, the outside dlameters
probably increased slightly during early lrradlation as a
result of increasing core volumes. The inslide diameters
probably decreased alsc because of the smaller reslstanee to
deformation offered by the inner c¢ladding. A decrease 1n
inside diameter of 0.030 inch would allow the inner surface
of the fuel to contact the ribs of the inner housing. Any
further decrease in inslde dlameter could cccur only between
the support points provided by the inner ribs and would be
accompanied by a corresponding decrease 1in cutside dlameter.
As a result, the outslde surfaces of the fuel tubes resemble
a four-lobed eplcyeclold with the lobes oriented with the ribs
of the inner housing. The supposition that the inslde
dlameter decreased more than the 0.030 inch necegsary te
contact the ribs of the inner housling was supported by the
fact that the lnner housing could not be separated from the
fuel tube of one of the assemblies by a pulling force of
4000 pounds.

* and at temperatures as high as 425°C

- 10 -
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Plans for further work are to cut a section from one of
the fuel tubes for metallographlc examination, remove the
inner housing from the remalining pleces of the cut fuel tube,
and measure the inslde dlameters of the fuel pleces.

I, BURNOUT HEAT TRANSFER IN WATER-COOLED REACTORS

A. TUBULAR CHANNELS

Addltional experimental data on heat flux 1imits with
water flowing lnslde tubular channels were obtalned at the
Engineerlng Research laboratories of Columbia University.
These data extend the ranges of pressure and tube dlameter
beyond those presented in DP-8F5. The resulte are applicable
to the innermost channel of a typical fuel assembly of
concentric tubes (see Sectlon C) and to special studles
(see Section B).

The new data, which are shown in Table IV, are for
0.504-1n.-ID tubes with lengths of 36 and 76 in. and for
0.245-1n,-ID tubes 36 in. long. The tests were conducted at
pressures of 750, 1000, 1200, and 1500 psla, mass velccitles
of 0.5 to 1% million 1b/(hr)(ft®), and local coolant conditions
ranging from 80°C subcooling to 50% vaporlzation (quality).

The heat flux 1limit was observed wlith a burncut detector

(DP-555).

As presented in Figures 5 and 6, the data for tubes
show the followlng: (1) in the bolling region, the heat flux
1imlt decreases as the pressure is increased from 750 to 1500
psla; (2) the effect of pressure on the heat flux limit
decreages a8 the coolant gquality 1s reduced to zero; (3) an
inverslon of the dependency of heat flux limlt on mass
veloclty occurs for mass veloclties below about 4 million
1b/(hr}(£t®) as the coolant condition changes from subcooled
to bolling; (4) essentlally no difference exlsts in heat flux
limit for 36-in. length versus 76-in. length; (5) significantly
higher heat flux limits are realized with tubes of smaller
dlameter (0.245 versus 0.504-in. ID); and (6) good reproducl-
bllity was obfained for the several test assemblies.

A general correlation of these data 13 belng sought
at Columbia University.

- 11 =




B. STABILITY

A fuel assembly of concentrie tubes presents several
long coolant channels in parallel. Moreover, 1ln a power
reactor, many gluch assemblies are connected in parallel between
a common inlet header and common outlet header. Heat transfer
tests usually differ from the reactor situation in both of
thease regpectg in that the tests are made with a single coolant
channel in which flow l1s maintalned constant by upstream
throttling. An assembly congistling of three electrically
heated tubes, each 0.495-1n. ID with heated length of 87.9 in.,
clogely coupled 1n parallel to inlet and ocutlet plenums
was thereforé fabrleated and tested at Columbla Univeraity.
The test loop was also modified to enable simulation of
geveral such assemblies 1n parallel. Essentlially the same
heat flux 1limits were obtalned for three tubes 1n parallel
as for a single-tube assembly, both for operation at constant
pressure difference (AP) and for operation at constant flow.

The tests for the three-tube assembly were conducted
at 1500 psia. The data, which are presented in Table V, are
plotted together with the data for single-tube assembiies
(see Section A) in Figures Ba, 5e, 54, and He for mass
veloecities of 1 to 4 million 1b/(hr)(ft®). To simulate the
operation at constant AP, a relatively large flow was diverted
around the test sectlon; the bypass flow was wlthdrawn down-
stream of the throttling valve but upstream of the flow meter.
The ratlo of the bypass flow to the flow through the heated
assembly ranged from 3 to 5. i

No attempt was made In thesae tests to measure the flow
to the individual tubes of the assembly. Other testes are
planned whieh will have a turbine flow mefter in the upstream
end of one or more tubular channels in order to getermine
the conditions for any oscillation in flow among channels.
However, the effect of parallel channels and assemblies upon
the heat flux limlt, which could be measured guite reproducibly
wlth the burnout detector for each tube, 1s the prime concern.
This effect was shown to be negligible.

C. APPLICATION TC FUEL ASSEMBLY DESIGN

In order to achieve as high a thermal efflclency as
posslble, a liguid-cooled power reactor ls desligned wlth
coolant effluent temperatures cloge to boiling. This objective
must be reconeclled, however, with the sharp decrease in heat
flux 1imit as the saturation temperature 1= approached and
exceeded (see Section A). It i1s not enough to require that the
heat flux for burnout at normal flow and power exceed the actual

- 12 -




heat flux by a factor of two ¢or three. Some margln must be
allowed for accldental increases in power and decreasges 1n
flow, both of whilich tend toward effluent boiling. The marglins
from probable burnout for the tubular channel of a typleal
power reactor, cooled by liquid Dp0 at 1500 psla, are depleted
in Figure 7. The margling at a pressure of 1000 psla are shown
in Figure 8. 1In both of these flgures, the coolant enters the
fuel assembly at the same temperature (264°C) and has the same
exlt enthalpy at normal coolant flow.

A8 shown in the flgures, at each pressure a power lncrease
of 0% or more 1s required for probable burnout at constant
flow; similarly, a flow decrease of 50% or more ls required
for probable burnout at constant power.

V. DESIGN STUDY OF A PROTOTYPE D,0-MODERATED REACTOR

The Du Peont Engineering Department 1s conducting a design
study of a prototype Dy0-moderated power reactor. OQObJectives
and baslc design paramefers for this reactor were dlscussed
previously in DP-875 and DP-885.

The objectives and design requirements have been reviewed
in the light of the design data developed thus far and of the
probable utilization of the prototype. 4s a result, several
Important changes have been made in the design basla., The
prineipal guldeline 1s that the capltal cost of the prototype
should be the minimum that 18 consilstent with the following
objectlves:

® To demonstrate the construction and operation of a
Dp0-cocled power reactor of a type that offers promise
of competlitive power generatlion costs when bullt in
large sizes (2500 MWe). :

¢ To demonstrate the breedlng potential of Dz0 reactors
when thorlum ls used as the fuel.

To decrease the capltal cost of the prototype, the actual
demonstration of a breeding ratio of at least 1.00 1s belng
abandoned ag a design requirement. Therefore, thorium contrel
rods and a radlal thorium blanket can be elimlnated. It 1a
anticipated that enough data can be obtained from prototype
operation with thorium fuel and from supportlng experiments
to predict reasonably well the breedlng ratio that could be
obtalned in a reactor equipped with thorlum contrel rods and
a blanket.

- 13 -




The flat zone of the prototype will be made no larger
than i8 necegsary for demcocnstratlion of rlipple factors, control
rod manipulations for radlal flattening, and fuel management
techniques. The reactor tentatlvely selected to meet these
requirements has 156 fuel posltions and 21 control positions
on a 10-in. square plitch. There are some 50 fewer fuel
positions than in the design discussed in DP-885, but the
gize of the flat zone 1s unchanged.

The nomlnal power rating of the reactor will depend on
the design rating of the U0z fuel tubes and on the achlevable
flux shapes. At a maximum fuel rating (fkdd) of 38 watts/cm,
the nominal reactor power will be about 300 MWe. The fuel
rating 18 strongly dependent on the outcome of HWCTR
irradiations, and a rating as high as 38 watts/cm may or may
not be attalnable with the first core loading of the prototype.

When a prototype reactor is actually bullt, there may be
strong incentive to demonstrate breeding directly and/or to
Increase the power rating beyond that required to meet the
obJjectives discussed here. The present philosophy of
designing a "minimum-cost" reactor will provide a base point
for assessing the economlcs of these optlonal features.

V. TOPICAL REPORTS

The following topleal reports, all of whleh have been
i1ssued within the last year by Du Pont, contain informatlon
that 1s applicable to Dp0-moderated power reactors. Complete

references for the reports can be found in the bibllography.

DP-819, Evaluation of Fused U0a+!

DP-832, Analysis of the Substitution Technique for the
Determination of Dp0 lattice Bucklings'®’

DP-833%, Efficacy of Experimental Physics Studles on
Heavy Water lattices'~!

DP-843%, Statlic and Impact Tests on 15-Ton Cask for
Shipping Irradiated Fuel'7 !

DP-857, Forced-Flow Bolling in Rod Bundles at High
Pressure' &)

DP-859, Irradiation of Tandem-Extruded Joints Between
Zircaloy and Stalnless Steel'®’

DP-864, Thorium-Fueled Dy0-Moderated Power Reactors!1®!

- 14 -




TABIE T

Operating Chronology of HWCTR

Jan. 1 Began month at 26 MW
1 Shut down - feedwater system problems
1-7 Replaced c¢luster red
T Attalined criftlcality
8-9 Attained 200°C and 36 MW
9-28 Operated at 36 MW
28 Attained 37 MW
Jan., 28 - Feb. 4 Operated at 37 MW
4 Shut down - leak in No. 1 steam generator
f-29 Steam generator repalr, new fuel charging

- 15 -




TABLE IT

Operating Summary of HWCTR

January February
Time reactor critical, % 80.8 1%.6
Maximum power, MW 37 37
Reactor exposure, MWD Drivers Test Drivers Test
For month T4y 134 124 22

Total accumulated in Cycle'HHE 757 136 882 187

IL.osses
D20 {100 mol %), 1b 4ot 577
% of inventory per year T3 9.9
Deuterium, g 3408 QU2
Helium, secf RT,930 31,340

- 16 -
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TABLE III

Reacftor power

Coolant pressure

Coolant Inlet hemperature

Mederator outlet temperature

Test Fuel Irradiation Data
Jenuary-February 1964 (2)

37 MW
1200 palg
187°¢C
200%¢

Maximum fominal Conditions

Assembl

Specifie
Power c),

Element Fuel Fuel Assembly gtarting Powar(h),
Position Number  Type Description Date MW watta/g
37 CANDU oxlde Five 19-rod bundles of 10-5-62 0.90 28.90
Rod natural U0z pellets
28 30T-6-2 oxlde Seven 14" long, 2.5" 12-29-63 0.41 36.8
Tube  OD tubes of natural
U0,
40 J0T-1-2 oxlde Seven 14" long tubes 10-5-62 ©.38 kg ,.8
Tube  of 1.?% enriched
vogld
42 QT-1-4 Oxlde Single 1.5% enriched 10-29-53(e) 0.70 72.5
Tube  UGp vibratery and
awaged tube
55 QT-1-2 Oxide Same as poaitlion 42 10—5—63(f) Q.48 45.0
Tube
56 RMT-1-2 Mesazl Unalloyed, natural 12-29-63 0.4y 42,9
Tube  uranium 60-mil
Zircaloy clad tube
57 SMI-1-2 Metal Ten 11-1/4" alloyed 5-19-63 0.45 35.4
Tube (Pe, A1} natural
uranium tubes
58 30T-1-4% Oxide Same as position 40 7-13-63 .64 82.3
Tube
59 0T-1-7 Oxide Same a8 positlion 42 7-13-63 0.61 £0.0
Tuke
60 SMT-1-3 Metal Five 11-1/3" alloyed 7-13-63 0.3 32.0
Tube  (Fe,Al,S1) natural

uranium tubes

Data taken on 2-4-0G4; exposures as of 2-29-04.

Heat Flusx,

Outlet

pou/(he){rt®) Temp., °C Temp., °C Temp., °C

137,000

208, 000

223,000

336,000

210,000

223,000

258,000

367,000
279,000

248,000

211

210

199

194

217

206

197

197

201

"Flew-AT" power caleulation; deea not include moderator heating [gamma and neutron absorption).

These values are based on an assembly power of 1.09 times "Flow-AT" power to include moderator heating.

Originally contained elght tubes. Top tube replaced with dummy fuel plece after vlbration damage was

obaerved on top fuel places.
Irradiation testing begen on 1-6-63; interrupted on 4#-3-63; and recommenced on 12-29-£3.
Irradiation testing began on 10-5-62; interrupted on 6-20-63; and recommenced on 10-3-63.

Maximum Expoa?r?,
c

surface Core-~Clad Core fkag, watt-days/g
Temp., °¢ watts/om Abtained Goal
216 237 - 28.1 5,385 10,000
232 281 - 22.7 970 3,500
253 287 - 17.8 12,795 25,000
2hz B4z - 26.7 6,530 22,000
219 282 - 16.7 10,425 22,000
272 410 g - 1,155 6,600
281 340 393 - 3,390 8,800
ohl 350 - 29.0 7,210 13,000
233 317 - 28.2 6,315 22,000
278 33h 388 - 3,450 8,800



TABLE IV

Heat Tranefer Burnout Conditions for Vertical Upflow of Water Inside Tubas
yie)

Tata from Engineering Research lLaboratorles, Columbia Universlit

First 0.504-ineh ID by 76-inch-long Teebt Sectlon

Inlet Exit Exit Exit Burnout ;
Run Temperature, Preasure, Power, Flow, Mass Flow, Steam Subecooling, Heat Flux(a), . N
No. % psis MW gpm  10* 1b/(hr)(£t?) Quality, % o 10% peu/(hr) {£17) :
063 227 100G 0.17% 4.7 1.43 27.1 - 0.395
CB4 204 1000 0.188 4.6 1,44 23.8 - o.427
065 203 1000 0.186 6.4 2.00 9.4 - Q.423
66 . 279 1200 0.134 7.5 2,05 19.4 - 0,303
ceT7 262 1200 0.148 7.1 2.01 16.7 - 0.337
c68 251 1200 0.159 6.8 1.97 15.4 - ©.360
69 227 1200 0.174 6.6 1.99 10.5 - 0.395
c70 192 1200 0.205 6.1 1.94 6.6 - 0, 464
c71 280 1200 0.127 5.1 1.40 29.8 - 0.287

second 0.504-~ipch ID by 76-inch-Long Test Section

El 273 1000 0.161  10.2 2,82 17.7 - 0.3€E4
B2 244 1000 0.169 6.7 1.96 20.g - 0.383
E3 224 1000 0.174 b7 1.41 27.1 - 0.396
E4 203 1000 0,169 3.1 0.98 9.1 - 0.363
E5 78 1000 0.228 3.1 1.0 17.6 - 0.517
£6 280 1500 0.109 3.7 1.01 334 - 0.247
jord 286 1500 0.120 7.3 1.95 15.1 - 0.272
8 260 1500 G.148 7.1 2,04 9.8 - 0.336
E9 261 1500 0,121 3.7 1.0% 28.8 - 0.274
E10 237 1500 0,132 3.0 0.89 4.3 - 0.259
E11 234 1500 0.176 6.7 2,02 6.8 - 0.3¢8
E12 214 1500 0.197 6.5 2.01 4.5 - 0. 446
E13 215 1500 0. 144 3.3 1.00 25.1 - 0.327
1% 188 1500 0.153 3.0 0,96 22.8 - 0.348
E15 192 1500 0.216 6.3 2.01 0.9 - Q.50
El6 282 1500 ¢.141 10,3 2.79 8.7 - 0.321
E17 261 1500 0.173 2.8 2.79 5.6 - 0.392
E18 238 1500 0.207 9.1 2,72 3.1 - 0.469
E19 217 1500 0.236 8.9 2,74 0.2 - 0.536
E20 189 1500 0.287 8.7 2.78 -1.6 z.8 0.651
E21 188 1500 0.185 4.5 144 8.8 - 0.419
E22 285 1500 0.171 147 3.92 7.0 - 0.389
BE23 261 1500 0.231 141 4,01 3.4 - 0.523
E24 239 1500 0.27%  13.5 4,01 Q.2 - 0.622
E25 214 1500 0.331  13.0 4.02 -2.3 4.3 0.752
26 152 1500 0.368 12.5 3.98 -5.5 12.0 0.836
E2T 284 1500 0.274  25.7 6.89 5.0 - 0.621
E20 249 1500 0.346  24.5 7.15 puTiy 4 1n.1 0.786
E29 224 1500 0.%66 22.2 6.76 -5.0 10.8 1.056
E30 220 1500 0.156 4.7 1.45 11.7 - 0.354
E31 251 1500 0.137 5.0 1.46 16.0 - 0.312
E32 252 750 0,154 2.5 1.01 19.6 - 0,348
E33 253 750 0.172 u.5 1.41 39.1 - 0.391 i
B34 o 750 0.187 6.8 1.96 29.4 - 0.423
E35 229 750 0,205 6.7 1.99 25,4 - 0. 66
E36 227 750 C. 170 3.3 6.98 49.4 - 0.385
E37 226 750 0,190 4.7 1.40 36.0 - 0.432
£38 204 750 0.202 h.5 1.42 32,4 - 0.459
B3O 204 750 0,183 3.2 1.0 L6.6 - 0.416
E4Q 182 750 G.189 3.1 0.98 43,0 - 0,428
E41 181 750 a.214 4.3 1.40 20.7 - 0.485
E42 153 750 G.225 4.2 1.39 25.0 - 0.510
E43 160 750 0.207 3.0 0499 43,8 - 0.U46g
E44 251 750 0.205 9.7 - 2.80 21,1 E 0.465
L5 24g 750 0.213 14.0 k.05 15.3 - 0,483
E46 223 750 0.221  13.2 4,00 6.7 - 0.501
E4T 224 750 0.218 9.2 2.78 15.2 - 0.495
E48 208 750 0.229 9.0 2.81 10.0 - 0.520
E4g 204 THO 0.217 6.3 1.92 21.9 - 0. 492
E50 178 750 0.233 6.0 1.93 17.2 - 0.528
E51 188 750 0.240 8,5 2.83 T3 - .54
E52 156 750 0.276 8.7 2.87 2.8 - o.627
ES53 148 750 0.252 5.8 1.93 12.7 - 0.571
E5H# 249 750 o.2e8 2h.2 6.99 6.5 - o.5.8
ES5 °27 750 0.273 22.5 6.81 2.4 - 0,621
E56 202 750 0.347  21.6 £.75 -0.3 1,1 0.788
EST 192 750 0.265 13.0 bz 1.4 - 0.601
ES8 182 750 0.42% 21.7 6.96 -2.4 7.8 0,662
E59 156 750 0.537 21.6 7.13 «4.5 15.0 1.2.9
E60 168 750 0.315 12.0 3.91 0.7 - 0.715
E61 &7 1000 0.268 3.7 1.32 6.8 - 0,608
Réz L 1000 0.325 5.2 1.86 -3.7 10.6 0.737
E63 71 1000 0.318 5.5 1.94 1.4 .0 0.722
E64 71 1000 0.396 7.5 2.65 -6.8 19.8 0.898 !
EE5 o9& 1000 0,568 7.9 2,74 -5.6 16.2 0,634
EG6 g6 1000 0.440  11.5 4.01 -14.7 yhy,2 0,999
EGT 116 1000 g.421 11.7 k.03 -11.4 33.8 0,956
E6S 153 1000 0.384  12.3 4.06 -4.5 13.1 0.871
E6G 154 1000 0.487  16.3 5.40 -6.,0 17.4 1.106
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TABLE IV (Continued

0.245-1nch ID by %6-inch-Tong Test Section

Inlet Exit Exit Exlt Burnout
Run Temperature, Fressure, Power, Flow, Masas Flow, Stean Bubcooling, Heat Flux(aL
No, °c psis MW gpm  10% 1p/(hr)(£t%) Qualsty, § % 10% pou/(nr) (£t}
Fl 207 1000 0,047 1.1 1.49 25.5 - 0,459
Fe 178 1000 0.085 0,90 1.23 8.8 - 0.543
F3 178 1000 0.056 0.93 1.27 38.1 - 0.557
FU 190 1000 0.056 1.0 1.37 35.1 - 0.548
¥5 156 1000 0.060  0.97 1.36 30.7 - 0.588
F6 111 1000 0,070 1.1 1.53 2¢.5 - 0.687
F7 214 1000 0.059 1.5 1.96 25.6 - 0.581
73 183 1000 0.07C 1.5 2.11 21.3 - C.687
g 137- 1000 0.076 1.4 2.00 16.2 - a.751
F10 119 1000 0.080 1.% 2.03 13.2 - 0.789
F11 221 i00C 0.066 2.2 2.84 16.7 - 0.651
Fi2 199 1000 0.071 2.1 2.79 13.9 - 0.703
F13% 186 1000 0.076 2,1 2.78 12.7 - C.T47
Fl4 160 1000 0.082 2.0 2.79 8.8 - Q.811
F15 134 1000 0.096 2.0 2.86 8.2 - 0,548
76 264 1000 0,056 3.2 3.82 16.6 - 0.551
F17 240 1000 0.066 3.1 3.88 12.7 - 0.654
F18 218 1000 0.07%4 3.1 y.02 8.2 - 0.732
Fig 199 1000 0.083 3.0 3.99 6.3 - 0.818
FAQ 180 1000 0,092 2.9 .89 5.3 - 0.908
F21 263 1000 0,067 4.6 5.51 12.2 - 0.665
F2g a4y 1000 0.071 k.5 5.53 7.0 - 0.698
F23 222 10C0 0.088 4.3 5.47 4.5 - 0.832
P2b 199 1000 0.102  ¥.1 5.52 2.7 - 1.009
F25 266 1000 0.064% 5.8 6.90 8.5 - 0.629
26 238 1000 ¢.083 5.5 6.91 3.8 - 0.819
Fo7 221 1000 0.101 5.5 7.10 2.0 - 0,953
F28 259 1000 0.077 8.0 g.65 5.3 - 0.761
F29 246 1000 0.093 7.9 3.88 2.0 - 0.91%
F30 233 1000 0.110 8.4 10.19 0.2 - 1.081
R31 234 1500 0.052 1.6 2.03 16.0 - 0.508
P32 207 1500 0.05¢ 1.5 1.98 14.6 - 0.583
F33 157 1000 0.069 1.4 1.96 17-3 - 0.681
F34 1684 10090 0.088 2.9 3,93 4.6 - 0.871
F35 2L 1500 0.051 1.6 2.0l 17.56 - 0.499
F36 215 1500 0.056 1.5 1.96 15.5 - 0.553
F37 196 1500 0.061 1.5 2,01 11.7 - 0.601
F38 183 1500 0,064 1.5 1.98 1.9 - 0.629
F39 173 1500 0.069 1.5 2.07 9.8 - 0.681
F40 235 1500 0.050 2.3 2.83 8.9 - 0.584
FA1 214 1500 0.068 2.1 2.81 6.4 - 0.669
P42 206 1500 0.071 2.1 2,74 6.7 - 0.701
F43 185 1500 0,079 2.0 2.72 5.7 - 0.781
b 165 1500 0,086 1.9 2.72 3.5 - 0.843
F45 272 1500 0,056 3.3 3.82 10.1 " 0.554
P46 246 1500 0.072 3.1 3,92 6.7 - 0.708
ol d 228 1500 0,082 3.1 3.91 5.4 - 0. 807
FL8 211 15C0 0.090 3.0 3.95 2.4 - ©.864 {
Fho 189 1500 0.099 2.9 3.86 0.8 - 0.3976
Fo0 263 1500 0.079 4.7 5,58 5.5 - 0.776
F51 24y 1500 0,082 4.5 5.65 3.2 - 0,907
F5e 231 1500 0.202 4.5 5.74 c-3 - 1.006
F53 28g 1500 0.081 5.9 7.21 1.3 - 0.899
Rl 24y 1500 0.109 5.5 6.93 1.3 - 1.078
F55 150 1500 0.070 1.4 1.99 5.3 - 0.690
F56 115 1500 0.078 1.4 2.00 2.1 - 0.765
F57 85 1500 0,084 1.3 1.91 0.4 - 0.823
P58 52 1500 0.09C 1.3 1.89 -3.1 6.2 ©.889
F&9 140 1500 0.093 2.0 2.82 -2.3 k.3 0.912
F60 115 1500 0.097 1.8 2.66 , —2.5 4.8 o.g5¢8
FEL 98 1500 0.109 2.0 2.91 -6.9 14.9 1.076
F62 166 1500 0.117 2.9 Lok -a.7 1.2 1.158
F63 184 1500 0,106 2.9 3.98 1.1 - 1.048
Fbi 281 1500 0.053 3.5 3.97 10.9 - 0,522
ré5 84 1500 0.062 4.8 547 8.5 - 0.6i2
FE6 292 1500 0,062 5.6 6.22 9.3 - 0.610
F&T 276 1500 0.077 5.7 6.64 5,7 - 0.763
FE8 272 150¢ 0.072 L7 5.59 6.4 - 0,708
F69 157 1500 0.118 2.7 .86 ~1.1 1.9 1.161
F70 137 1500 0.135 2.9 4.15 -2.5 4.8 1.358
FT1 209 1500 0,120 k.3 5.60 -0.4 0.7 1.179
Fr2 208 1R00 0.140 5.8 7.35 -6.3 13.9 1.377
F73 185 1500 0.133 b4 5.99 -7.0 15.6 1,313
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TABLE IV (Continued '

0.504-4nch ID by 36-inch-Long Teat Section

Inlet Exit Ex1it Exit Burnput
fun Temperature, Pressure, Power, Flow, Mass Flow, Steam Subcooling, Heat Flux a o
No. °g psia MW gpm_ 10° 1b/{hr)(ft®) RQuality, & 9 10° pew/(hr) (£12)
531 266 1000 0.054 2.5 0.72 3.0 - C.440
62 247 1000 0,100 2.4 0.71 a1 - 0.478
G3 222 100¢ 0.106 2.3 0.72 B5.7 - Q0.507
GL 206 1000 0.112 2.3 .73 33.1 - 0,538
G5 182 1000 0.114 2.3 0.89 30.3 - 0.E45
a6 267 1000 0.054 3.6 1.01 29.2 - [T
ar 238 1000 0.104 3.5 1.0% 21.8 - 0. 496
68" 227 1000 0.108 3.4 1.03 20.9 - G.517
39 209 1000 0.112 3.3 1.01 18,0 - 0.538
410 18k 1000 0.117 3.2 1.01 15,2 - 0.862
511 179 1000 0.12% 3.1 1.00 13.¢ - 0.595
G12 273 1000 0.093 5.1 C 1.kl 21.1 - 0.446
G13 249 1000 0,102 5.0 1.45 14.6 - 0.483
G14 230 1000 0.108 4.8 1.44 10.9 - o, 524
615 209 1060 0.120 4.5 1.40 a.3 - 0,574
616 179 1000 0.133 4.3 1.39 3.2 - 0.636
17 269 1060 0.093 7.3 2,02 12.1 - 0. 4Ly
G18 247 1000 0.105 7.0 2,04 6.7 - 0.502
G19 229 1000 0,118 6.7 2.02 .0 - 0.568
Geo 206 1000 0,137 6.5 2.02 O.4 - 0,659
a21 184 1000 0.150 6.2 1.99 -2.9 B.4 0. 719
a2e 266 1000 0.095 10.1 2.84 6.3 - 0. 454
Ges 242 1000 0,124 9.4 2.77 2.7 - 0.595
-1 222 1000 0. 144 9.2 2,80 -0.6 1.7 ¢.693
G25 206 1000 0.163 9.0 2.80 -3.0 8.7 0.780
G26 182 1000 0.185 8.6 2.76 -6.7 19.7 0,888
a27 272 1000 0.098 14.7 4,07 4.8 - 0,470
a28 250 1000 0.136  13.7 3.97 1.4 - 0.65%
629 223 1000 0.181 13.5 4,10 -3,1 B.g Q.866
G30 268 1000 0.126 £0.0 5.60 2.7 - 0.602
G31 254 1000 0,159  19.3 5,56 0.4 - 0.763
632 23k 1000 c.zo2  18.9 5.63 -2.9 B.4 0.967
33 275 1000 0.126  25.4 6.99 ER - 0.603
34 261 1000 0.163 24,5 6.95 0.9 - 0.783
&35 zhe 1000 ©.217 23.8 7.00 -2.3 6.4 1.038
636 280 1500 Q.075 3.8 1.03 7.8 - 0.362
37 246 1500 0.090 3.5 1.03 11.3 - 0.431
¢38 215 1500 .100 3.3 1.00 7.0 - 0.478
G239 201 1500 0.107 3.3 1.02 2.9 - 0.513
G40 183 1500 0.113 3.1 1.00 0.6 - a.541
akl 277 1500 0.082 5.1 1.5 3.8 - 6,391
Gh2 259 1500 0.092 5.0 1.43 5.9 - 0.L39
oh3 234 1500 0,104 4.8 1.54 bR - .38
G4 212 1500 0.121 4.6 1.43 -1.9 3.2 0.h79
Ghs 183 1500 0.134 4.3 1.37 -6.2 14.2 0.642
GHE 278 1500 0.095 T-7 2.10 4.9 - 0. L5k
Ghy 256 1500 0.115 7.2 2.08 0.5 - ¢.551
G48 236 1500 0.133 7.0 2.09 -2.9 5.8 0.639

2] Inmcipient burnout identified with burnout detector (see DP-555, DP-855}.
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TABLE V

Heat Transfer Burnout Conditions for Parallel Channels

Data from Englneering Research laboratorlies, Columbia University(s’

Test Pressure: 1500 psia

Test Section: Three electrically heated tubes in parallel
between common plenums
Tube diameter: O.4G5-in. ID, each tube
Heated length: 87.9 in., each tube
Water flows vertically upward inside the tubes

Inlet Total Exit

Run Temperature, Power, Flow, Mage Flow, Steam Heat Flux(a),
No. ¢ MW gpm_ 10° 1b/{hr)(£t®) gSuslity, ¥ 10° pou/(hr)(ft=)
A. Operatlon with Constant Flow
1 282 0.324 11.5% 1.07 2.6 0.216
2 252 G.375  10.4 1.04 29,5 0.250
3 232 0.411 10,2 1.07 26.5 0.274
4 203 0.458 10.0 1.08 22,1 0.305
5 180 0. 496 5.9 1.11 18.2 0.331
6 282 0.381 22.5 2.10 1.3 0.254
7 259 0.448 20.8 2.06 10.6 0.299
8 231 0.553  20.% 2.12 7.1 0.369
g 200 0.650 19.6 2.13 2.8 0.433
10 180 0.687 18.s 2.07 0.4 0.458
11 208 0.704 28.4 2.97 2.2 0.469
12 202 0.813 27.0 2.94 -0.6 0.541
13 180 0.545  26.9 3.01 -2.3 0.629
18 220 1.007  39.6 .19 0.1 0.671
19 284 0.565 L4i.5 4,13 8.1 0.376
20 258 0.730 42.0 k.16 4.0 0.487

B. Operation with (Jonstant AP(b)

21 286 0.555  45.0 k.16 8.3 0.370
23 25l 0.740 11.8 4.18 2.5 0.493
24 207 0.792 26.9 2.90 0.5 0.528

(a} Inciplent burncut 1dentified with burnout detector (see DP-555, DP-8F5).

(b) Operation with constant AP, to simulate several assemblies in parallel
between headers, was accomplished by bypassing approximately 140 gpm
around the teat assembly.
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FIG. 5 HEAT FLUX LIMITS FOR 1/2-INCH.DIAMETER TUBES
Columbia University Data; see Table IV and DP-855
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{cont'd}
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FIG. 6 HEAT FLUX LIMITS FOR 1/4-INCH.DIAMETER TUBES

Columbia University Data; see Table [V
Test Section: 0.245-in. ID X 36 in. long
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1

\. gubulor Channe! 0610"IDx 15" L.
. ormal Power of Channel =0.4192 MW
Eg’"g,gﬁg,;‘ \ Normal Flow = 8.8 x 108 b/(hr)(ft2)

Applied to A, Burnout Conditions (broken curves) |
A

! from Figure 5
\ \\ Operating Conditions:
"1 A, Normal Power

Normal Flow
Burnout Safety Factor by

DP-725=2.8 —
. 170% Normal Power
Norma! Flow

. Burnout at 45.5% Normal
Flow, ie., at 4.0 x |08 b/
{hr)(f12)

Normal Power

Heat Flux, 10€ pcu Z(hr)(ft2)

108 1bAhr){(t2)

04

NN

-t—SaturoTiorll at 312.4°C

D20 Coolant Enters
at 264 °C

i

-20 0 20 40 60

Coolant Quality, % vapor by wt

FIG. 7 APPROACH TO BURNOUT FOR A TYPICAL POWER
REACTOR CHANNEL AT \ltggo psia
0
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14 1' T
Tubular Channei 0.610" ID x I5'L,
Normal Power of Channel = 0.335 MW Pl
Normal Fiow = 7.0 x 108 ib/(he)(f12) P
Burnout Conditions {broken curves) :
1.2 ZoV from Figure 5 T
' A\ Operating Conditions:
5.5\ A. Normal Power
W Normal Flow
W Burnout Saofety Factor by
1.0 30— DP-725 <2.4 —
4 v Burnout Safety Factor by
DP-725 >('\‘ Figure 59 =1.9
Correlation

“\ ) B. 150% Normal Power
Applied 1o A. | Normal Flow
'-\. C. Normal Power
0.8 2'8‘\—‘\——* 39.8% Normol Flow = 28 ]
x 10® Ib/(hr)(ft?)

Heat Flux, 10€ pcu /hr)(ft2)

'-,\\ ¢' Normal Power
X! 28.4% Normal Flow = 2.0
\ x 108 1b/(hn)(f1?)
06
"I 1.0 x 108 1b An)(f12)
0.4
0.2
D,0 Coolant
Enters{ at 264°C r-SoiurotionLat 284.1°C
0 =20 o 20 40 80

Coolant Quality, % vapor by wt

FIG. 8 APPROACH TO BURNOUT FOR A TYPICAL POWER
REACTOR CHANNEL AT }m psia
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Previous progress reports in thls serles gre:

DP-232
DP-245
DP-265
DP-285
DP-295
DP-315
DP-345
DP-375
DP-3858

DP-395
DP-405
DP-415
DP-425
DP-435
DP-445
DP-455
DP-465
DP-475

DP-485
DP-495
DP-505
DP-515
DP-525
DP-535
DP-545
DP-555

DP-565

DP-575
DP-585
DP-595
DP-605
DP-615
DP-625
DP-635
DP-645
DP-655

-

DP-665
DP-6T75
DP-685
DP-695
DP-705
DP-715
DP-T25
DP-T735
DP-T45

DP-755
DP-765
DP-7T75
DP-785
DP-795
DP-805
DP-815
DpP-825
DP-835

DP-845
DP-855
DP-865
DP-875
DP-885




