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PREFACE

.

sored by the

Power Reactors

The Heavy Water Reactor Program Office (HWRPO) Monthly

report is comprised of information from three sources:

Office activities, activities sponsored under the HWRP, and

Program

activities sponsored under the USAEC/AECL Cooperative Program

on Heavy Water Power Reactors.

in Part IIl, are reproduced verbatim.
summary was prepared by HWRPO personnel.
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HEAVY WATER REACTOR PROGRAM MONTHLY ACTIVITIES REPORT
MAY 1968

Including Contributions from Programs Sponsored by the
USAEC/AECL Cooperative Program on Heavy Water Power Reactors

H. Harty

I. SUMMARY
A.  HEAVY WATER REACTOR PROGRAM ACTIVITIES

Prograr Management - 12000

The U.S. representative at ihe Halde: “oiling Water Reactor
(HBWR) reports that the first digital computer control of HBWR
plant circuit has been successfully carried out. In the first
test, the computer controlled the pressure in the feed water

tank and responded properly to both normal and deliberate pres-
sure perturbations. (12209

General Studies - 13000

A program has been outlined for the analysis of safety
problems of building a PHWR-PT in the U.S. It would involve
evaluation of the CANDU-type of reactor with respect to U.S.
regulatory requirements and safety criteria, and tentative
proposal of criteria for HWR's in the U.S. (13100)

Testing of the XENCON code (for accuracy in predicting
Xenon oscillations) is continuing, and the source calculations
and moderator and fuel temperature feedback mechanisms are func-
tioning properly. Modifications are currently underway to
stabilize the calculatioaal model and accelerate source conver-
gence. An investigation of the various parameters is being

conducted in an attemnt tu decrease computing times. (13200)

The fuel cycle costs for UO2 and metallic uranium fuels
were calculated to determine the cconomic characteristics of
these fuels and the incentive for investigation of metallic
fuels. Comparison of the results shows that the optimized fuel
cycle cost for metallic fuels is about 0.4 mills lower than for

UO2 fuels. The impcrtanc of optimizing a r:ractor concept c¢an
be seen. (13300
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Conversion of four Systems Analysis Task Force (SATF)
HWOCR designs to HWPHW designs Las leen completed.

Power costs
were calculated for U0, fueled HWPHW designs.

Power costs for
uranium metal, ThOz, and thorium metal fueled HWPHW reactors,

although 1ot based upon -u:ity optimized fuel designs, are hig' 'r
than for the UO2 fuel c-ose. (132300)

R&D Studies - 20000 thru 99000

lThe first "Thermos" assembly, a PNL-conceived specimen
design for measuring in-reactor creep in biaxially stressed tub-
tng, s being cested in an out-of-reactor corrosion test loop.
Initial weasurements indicate that the average diameter change
ot the tubular specimen from creep can be measured accurately by
simple liquid displacement measurements, obviating the need for

detailed und time-consuming dimensional measurements, c<Xxcept
where desired tor extended detail.

Work was initiated on the determination of flaw growth and

fracture properties of pressure tubing. Fatique cracks were

grown by c¢yclic internal pressurization in PRTR-sized tubes of
Zircaloy-2 and aluminum. These crack growth data on pressure
tubcs weve vembined with crack growth data on analytically tract-
abile sheet specimens and used to cdnstruct an initial thick-

walled tube correlation of the absolute relationship between the

»tress intensity factor and crack length., These initial and

preliminary results showed good agreement between the two materi-
als and indicated this approach will allow flaw growth data on
tihe: to be supplemented substantially by results using simpler
SpeCLmMEens ., (21300

B. USAEC/ALCL COOPERATIVE PROGRAM ON HEAVY WATER POWER REACTORS

lteat_'ransfer and Fluid Dynanics

In earlier cxperiments, the effect of rod spacing on the
boiling burnout in rod bundle fuel elements was studied,

were obtained for spacings of 0.080 and 0.040 in
o

Nata

+y Pressures of

20O, and Ju0D psig, water mass velocities of 1, 2, and
t
P

S
Yhihr-£t7, and outlet conditions ranging from 4 teo 103,
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These data were analyzed to define the effccts of rod spacing,

pressure, mass velocity, and outlet quality on boiling burnout.
The results showed that the boiling burnout heat flux was

generally greater with 0,080 in. spacing than with the 0.040 in.
spacing depending on pressure and mass velocity. This behavior
is in agreement with the data of other investigators. However,

some studies have indicated significant effects only for spacings
less than 0.040 in.

(TAC 3.1.5 - Effect of Rod Spacing on Boil-
ing Burnout)

The computer code COBRA was developed earlier to enable the
calculation of local enthalpy in rod bundle fuel elements and
for the analysis and correlation of existing boiling burnout data.
A comprehensive literature survey of boiling burnout investiga-
tions published since 1962 has provided a targe amount of data
which has been prepared for input into COBRA. The computer
analysis of this data has started, and results should be avail-
able soon for cowpurison and correlation purposes. (TAC 3.1.6
Subchannel Code Development and Local Subchannel Burnout)

Preliminary analysis of flow and enthalpy data for isolated
subchannels of the BLW-250 geometry has been completed. Limita-
tions in the flow measuring instrumenta: ‘on, which resulted in
scatter in the data, will be corrected ior the final series of
tests. (TAC 3.3.9 - Measurement of Flow and Enthalpy in the
Subchannels of a BLW-250 Geometry Rod Bundle)

Two test sections to simulate the Pickering 28-rod bundle

are being fabricated. Experimental operation with the 28-rod

test assemblies is scheduled for the latter part of June,
(TAC 3.3.12 - HWR 28 Rod Bundles)

Specifications for the motor generator sets toc provide

increased power capability have been written. It is expected

that this equipment will be reconditioned and altered by late
August. {(Columbia University)

During May, the principal accomplishment was completion of
programs for simulating operation of the Pickering reactor under
tWwo new control schemes., (TAC 4.3 - Analysis of Spatial Flux
Control)
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Measurements of the uniform temperature coefficient of a
simalated burned-up UQ, lattice at a pitch of 12.2 in. have been
completed as well as foil irradiations at 23 and 80 °C (TAC 5.2 -
Temperature Coefficients Measurements)

Eight tests were completed in a study of the effect of

hydriding (~250 ppm) on the crack growth and fracture properties

of Zr-2.5 wt% Nb pressure tubing. The cracks were caused to grow

by cyclic internal pressurization. Comparing the results of
these tests with earlier tests of unhydrided tubing showed that
cold-worked Zr-Nh tubing retained substantial fracture toughness,

(resistance to fracture in the presence of sharp fatigue cracks)

even in the hydrided condition. The heat-treated tuving, on the

other hand, exhibited severe reductions in fracture toughness
when hydrided, allowing cracks less than 1/2 in. long to propa-
gate at typical HWR pressure and hoop stress conditions.

(TAC 6.9 - Evaluation of Zr-2.5 wt% Nb Pressure Tubing)

A uniaxial specimen of Zr-2.5 w.i Nb at 52.7 kg/mm2 and

300 °C showed in-reactor creep rates 1/3 to 1/10 of those of

out-of-reactor specimens. These results agree with earlier

tests which indicate that the neutron flux decreases creep rates

at high stresses compared to its accelerating effect on creep at

low stresses. (TAC 6.10 - In-Reactor Measurements of Creep in

Zr—-2.5 wt% Nb Alloy)

Research is continuing to determine the dependence of
swelling in U:5i on temperature, hydrostatic pressure,
burnup, vurnup rate, and metallurgical state. Two controlled
temperature-pressure swelling capsules designed to irradiate

U;Si in NaK at 625 and 725 °C at 50 psi were charged into a

reactor. Fabrication is continuing on three additional capsules

that will irradiate Ussi at 1000 psi over the temperature range

of 350 to 625 °C. Quantitative metallography is continuing on

sections from three irradiated rods to determine the size-

‘requency relationship of the porosity to the total volume
increase.  (TAC 6,15 - UBSi Irradiations)
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Fabrication of the metallic fuel rod assemblies for irradia-

tion in WR-1 is in progress. Sheath tubing has been fabricated,

and is in final inspection.
Machining of the uranium pellet fuels is complete, and final
inspection is being performed.

sectioned to length, annealed,

Coextrusion of clad fuel with

axial voids was successfully completed, and fuel sections are

being examined to determine dimensional control,

bond quality,
and cladding uniformity.

The fuel extrusions were cut to leng+h,

and beta heat treatment was completed. Electron beam welding

conditions were established, and welding conditions for the TIG
closure for the pellet fuels are being investigated. (TAC 6.16 -
Uranium Alloy.Fuel)

A literature review of particle transport in a condensing

steam system was completed. A study of nucleation of water drops

on pa-ticles and their subsequent growth has heen initiated.

The preliminary theoretical investigation of condensation

In steam-air systems progressed to a point where an experimental

design is being considered. Interest in the boundary-layer equa-

tions describing condensation in laminar-flow systems has led to
the application of analogue computers for their solution.

(TAC 10.1 - Particle Transport tec Surfaces by Condensing Steam)
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IT. HEAVY WATER REACTOR PROGRAM
A. PROGRAM MANAGEMENT

Foreign Technical Support - 12200
(Staff of HWRPO)

Halden, Norway

Reactor Operation. After Calibration of the newly loaded
capsule rig IFA-117, the reactor was operated during the month
at power levels up to 16 MW, By the end of April, the following

integrated operation had been accumulated on the third fuel
charge since the start of test fuel

irradiation last November:

Operating time: 2215 hr
Integrated power: 908 MWd
Plant availability: 61%

The heavy water leak rate at the beginning of the month was

10 to 15 g/hr. After a temporary shutdown in the middle of the

month, however, tte leak rate increased to about 50 g/hr and was
still increasing when the reactor was shut down. The leakages

were traced to three valves in the subcooler circuit. The valves

were repacked, and the leak rate was reduced to about 30 g/hr.

At the end of April the reactor was shut down as scheduled

for general maintenance and loading of seven new test assemblies.
Startup is scheduled on May 20.

The power level of individual test fuel assemblies during
normal operation is usually measured with gamma thermometers.
The relationship between the insisument signal and assembly power
ic determined during the initial in-pile calibration of the assem-
blies. Subcooled water is introduced into the channel to suppress
boilirng so that the gamma thermometer signal can be calibrated
against assembly power as determined from channel flow and aT.
Lxperience has shown, however, that the constants change signifi-
vantly when the control rod configuration or core loading is |
altered. A method of recalibrating the gamma thermometers during
normal operatinn has now heen develrsod Togts choa <o ol med

poscer Whies i vorbing conditions can be calculated guite accurately

from the inlct and exit turbine stgnals and the inl aticooling,
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This method uses the known response of a turbine flowmeter to

two-phase flow. 1I{ the slip ratio is known, the steam quality

can he calculated from the comparison between the inlet and exit
turbine speeds. Tests have shown that a constant siip ratio can
be assumed over a wide range of operating conditions.

of the signals from an

Since all
instrumented assembly are monitored by the
process computer, this calculation can be done by the computer

at regular iutervals, and used to update the gamma thermometer
calibration,

The first digitul control of plant circuits was successfully
carried out.  In the first test, the computer controlled the
pressure in the feedwater tank, in the same manner as the standard
PO analtogue controller normally used for this purpose. This loop
was chosen because maloperation would not affect the safcty of the
plant. rhe digital control responded properly both to normal
pressurce fluctuations and to deliberate perturbations. The
details of the control technique are described below. Based on
the confidence gained from this test, four control loops were
operated 1n DDU: reactor pressure, steam drum water level,
steam generator wate- level, c¢nd the feedwater tank pressure.
Laporiments were performed in which steps in nuclear power and
steam load were introduced with digital control of the loops and

with -onventional analogue control. The control quality was

about the same in bot. cases; this was the desired result, since

the digital control was designed to duplicate the functions of
the analogue controller.

The final objective of this work is to
determine if

digital control of a large number of loops might be

cheaper thaa analogue control, particularly if a process computer

is needed in any event for other functions such as optimization

studies, etc.

HWR Information Center - 12300
(B. B, Lane)

Over 400 reports and journal articles have been abstracted

and keypunched for key-word indexing. The 4000 cards are being

proofread, and the detailed i1ndex should be off the

computer
within 1y davs,

Some subject headings for the input muterial
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have been added and others revised, based on the results of the

previous run. A run of Canadian proprietary materials is also

being prepared.

B. GENERAL STUDIES

General Safety Analysis - 13100
(W. R. Lewis)

To obtain an evaluation of the safety problems of building
a PHWR-PT in the U.S. an analysis program has been outlined for
implementation in FY 1969. The approach involves evaluation of
a CANDU reactor type by a U.S. firm familiar with U
requirements. Canadian safety practices would be
compared with U.S. criteria for LWR's.

5. regulatory
reviewed and

Tentative U.S. criteria

for HWR's would be proposed and a safety analysis of a typical

CANDU reactor type prepared in a manner similar to safety analyses
for U.S. LWR plants.

Physics - 13200
(W. C. Wolkenhauer)

Boiling HZO Reactivity Coefficients¥®

Material buckling measurements have been performed using
four coolant materials to simulate boiling light water coolant.
The fuel assembly consisted of 31 rod clusters of a burned-up
fuel mockup with Pu/U weight fraction of 0.00259.

The measurements were made with a lattice of 19 fuel assem-
blies in the SE on a 12.12 in. triangular pitch. Measured values
of the square of the reciprocal of the vertical thermal neutron
relaxation length, HZ, are reported in Table I. The moderator
purity corresponding to each measurement is also given, Effec-
tive radial bucklings for the SE have been calculated using the
PDQ-05 computer code. Input parameters for PDQ-05 were obtained
from cell calculations performed using the HAMMER code. Table 1
also contains material buckling values determined from the mea-

sured values of HZ and PDQ calculated values of BRZ.

* Work Performed at Savannah River Laboratory
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TABLE I. Buckling Measurements for Various Coolants
in SE Lattice on 12.12 in. Triangular Piteh

Moderator Measured Radia}(a) Measgred
Purity, HZ, Bugkllng Bm s

Coolant mole % D,0 b Br™, b wb
Air 99.62 573 c03 330
H50 39.62 886 923 37
39.4% 1,0'%) 99.61 757 918 161
D,0 39 .61 644 912 268
0,0 99, 34 68 912 244

{a) Effective radial buckling caleulated using PDQ-05
(b) 39.4 mole % 4,0 - 60.6 mole % D0 mizture

Optimum patial Flux Control

Description and Developmental Progress of XENCON.* Testing
of the XENCON program with the original sample problem is continu-
ing. The latest results obtained with the code show that the
source iteration calculations are being performed correctly, and
that the fuel temperature and moderator temperatute feedback

mechanisms have been included properly. These results have been

verified by comparisons with hand calculated numhers. However,
these calculational results have pointed out wwo problem areas,
the first of which was anticipated beforehand because of prior
operational experience with FLARE type calculations. A printout
of the source distribution after each iteration revealed that
after a certain number of iterations (approximately 15 to 20),
the calculations exhibit an oscillatory behavior, with the values
in each node varying by about 1% between successive iterations,
This type of result is inherent in FLARE type calculations. Hand
calculations indi-ate that if average nodal source values from
tWwo successive iterations are used as the source guess for the
subsequent iteration once these calculational oscillations have

* Work rerformed by Combustion Ena-neering
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set in, the oscillations will disappedr very rapidly. This
averaging procedure should result in acc.lerated source conver-
gence, and it has been programmed into XENCON,

but no resuilts
have yet been obtained.

The second problem area deals with the time

required by
XENCON to pzrform a source calculation.

Typical times encountered
so far were found to be approximatzly 10 sec per

¢opears at present that this is the maximum time required for this
calculation for a full 24 x .4 x 10 node description,

problem assuciated with this large running time is due to the

iteration. It

The main

large number of tape units that must be m

anipulated Jduring the
calculations, which

is a re. 1t of the number of variables that
enter into the calculational scheme.

In an attempt to reduce
running times, a

new type of procedure for tape reading,
avallable in FORTRAN programming,
same time,

which is
is being investigated. At the

other approaches for reducing machine time

1re being
lnvestigated.

These include reducing the maximum number of nodes
in the XY plane from the present (24 x 24). Also,
the three-dimensional matrices of some ot the
used in t

the size of
variable parameters
he calculational routines can he eliminated or reduced
by the introducing of valid assumptions or

apprcximations.
These cutbacks

would allow for a reduction in the amount of
1s presently stored on tape units and w
a more economic use of fast core memory .

infor-
mation that 1'1d result in

A new test case for XENLON has been set up,

sponding INCON tape has been generated.

This case is much more
realistic from the standpc:int of actual application of the pro-

gram than the original sample case, and it will be used through

the remainder of the debugging and check-out phase after the code
becomes operational again.

and the corre-

Node Size Study.

describoed The appropriate
FLARE raiculations have bheen set up for the three di
sizes, and

The two-dimensional node size study as
in previous reports is continuing,

ffirent node
a trial-and-error technique is currently

being used
to determine

the leakage parameters for cach node size for each
g¢ p
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of the two FLARE type transport karnels. In addition to this,
another multigroup diffusion theory calculation has been made
with the same core composition as the original problem but with
a different control rod configuration in order to give a much

higher peak-to-average power distcibution. The prurpose of these

calculations is the same as that reported in the last report fer
the one-dimensional study in which a zet of leakage parameters

was selected for the most peaked Jdistribution. These parameters

were used for flatter distributions to determine if satisfactory

results would still be obtained. The trial-and-error method for

selecting the leakage parameters for the two-dimensional distri-
bution with the highest peak has begun.

Econumic and Initial Design Studies - 133200

Fuel Cycle Costs
(J. R. Young)

The fuel cycle costs for UO2 and metallic uranium fuels were
calculated to determine the ecornomic characteristics of the fuels
and the incent.ve for investigation of metallic fuels for HWR's,
The fuel element descriptions and the characteristics of the
irradiated fuel were obiained from document AI-CE-MEMO-59. The
fuel cycle economic data {unit costs of fabrication, shipping,
an. reprocessiig) were obtained from the economic currelations
ot the Advance< Converter Task Force. The specific economic
data are shown in Table II, and the results of the analysis
appear in Figure 1.

TABLE II. FEconomic Data [or Fuel Cyele Analysis

Metallic
Uranium Fuels ggz_fgglg
Unit cost of fuel fabrication, §/kg 14,00 36.00
Unit cost of fuel repvocessing, $/kg 11.00 15.50
Unit cost of fuel shipping, $/kg 1.10 2.30
Reactor plant factor 0.80 0.80
Reactor thermal efficiency, 3% 30.00 30.00
Interest rate or. feed material, $ 16.00 16.00
Interest rate on working canital, $% 12.80 12.80
Averags heat generation rate, MW/tonne 16.50 33.00
Market value of fissile Pu, §$/qg 5,10,15 £,10,15

Unit cost of separative work, §$/unit 26,00 26.00
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in general, insufficient data were available to permit calcu-
lation ~f the optimum exposures for metallic uranium, but extrapo-
lation of the results (the dashed lines) indicates that the fuel
cycle costs for metallic uranium at an optimum exposure of about
10 MWd/kg are 0.4 to 0.5 mills/kW-hr iower than for U0,. These

2
fuel cycie costs do not include the Leavy water inventory costs,

HWOCR Conversions¥*
{G. A. Last)

Last month, power costs were presenied comparing a UOZ-fueled
HWPHW design with a UC-fueled HWOCR design and a PWR design.
parisons were shown

Com-
for base-load and peak-iocad-operation, con-

stant and declining fuel cycle costs, and for 1976 and 1980
startup.

The required crlculations have now been completed for con-
verting all of the Systems Analysis Task Force (SATF) HWOCR

designs to HWPHW designs, and power cost comparisons between

these variocus designs are presented here. Costs are fn1 base-

load-operation, declining costs as calculated with the TUELCO
code, and a 1976 startup.

using the PACTOLUS code.

The power cost calculations were made

The basic assumption for this study was that the lifetime
material balance data prepared for the HWOCR designs could be
used to define the fuel requirements for comparable HWPHW designs
because of similarities in nuclear properties between the two
design concepts (substitution of heavy water for the organic
coolant would be approximately compensated for by substitution
of Zircaloy pressure tubes for SAP pressure tubes). However,
fuel throughput and inventory adiustments were required uLecause
of different thermal efficiencies and specific powers.

Thermal-hydraulic limited design parameters were defined

for the four HWPHW systems of interest based on the HWOCR fuel

designs. Estimates of capital cost adjustments for converting

* Work performed by Pacific Northuwest Laboratory Mathematics
Departmenc
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the HWOCR designs to HWPHW designs were made. Both the uo,

and ThO, fuels were constrained to a linear power rating of

18 kW/ft. Both the U-metal and Th-metal fuels were found to be
DNB (departure from nucleate boiling) limited.

The design features of the four IIWPHW designs tha. evolved

from this study are summarized in Table Iil. The designs are

not necessarily optimum, but are based on optimized HWOCR designs.
Because of similarities in the two cfystems it is believed that
these IHWPHW designs are close enough to optimum that it is
unlikely that large cost differences would evolve {rom a more

thorough optimization study. The greatest extrapolation involved
conversion of the UC-fueled HWOCR to a UOz-fueled HWPHI,

fuels were the same in both systems.

Other

JASLK TIT, 1000 Mie HWPHW Deaign Features

Fuel Material U0z ThO; U-Metal Th-Metal
Fuel Description 37-rod 37-rod 3-ring 4-ring
annular annular

Capttal Cost, §/kWe 132 135.7 145.9 130.8
Thermal Power, MW 3280 3280 3280 3280
Thermal LEfficiency,

Y 20.5 30.5 30.5 30.5
Core Inventory, MW

of U or Th 100 90 262 122.5
Specific¢ Power,

MW/ tonne 32.8 30.4 12.5 26.8
Number of Pressure

Tubes 596 596 653 398
D> Tnventory, tonne 355 402 587 449
Lore Inlet Pressure,

psi 1780 1780 1780 1780
Core Pressure iirop,

P 9% 08 1953 80
core Inlet Tempera-

ture, °F 51t 510 516G 510
Core vutlet Tempevi-

ture, °F 577 5:/7 577 577
Coolant Flow Rate, 8 8 8 8

Ih/hr 1.31 x 10 1.31 x 10 1.31 x 10 1.31 x 10
Maximum Heat Flux, 5 5 5 5

Btu/fr-ft? 4.22 x 107 4.22 x 10° 5.05 x 10° 4.4 x 10

Maximun Fuel {Yemp
Femperature, °F (designed to 18 kW/ft) 925 780
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For calculation of power costs the SATF ground rules were
used. The basic cost assumptions and estimates are shown in

Table IV. For comparative purposes the SATF 1970 PwR design is
included.
TABLE IV. Basic Cost Dataq
Us0, Cost, 3/1b 8.00
Separative Duty, $/kg 26.00
Pu Value, $/g 10.00
D,0 Cost, $/1b 17.50
Fixed Charge Rates
DPepreciable, %/year 13.6
Non-depreciable, $/year lz.e
HWPHW HWPHW HWPHW HWPHW
PWR U0,  ThGO,  U-Metal Th-Metal
Capital Cost., $/kWe 132.7 132.0 135.7 145.9 130.8
Fabrication Costfa)
$/kg
Initial 55.0 51.7 69.6 33.7 57.9
Final (30 year) 37.0 27.7 36.1 10.3 26.3
Reprocessing, (a)
S/kg
inttial 27.2 24.6 48,7 23.6 48.4
Final 30 vear) 13.7 11.7 21.2 10,3 21.2
ta) 27 Utartup basis

Fuel mass-balance data was available at several fuel expo-

sures for the UO2 (UC originally), ThOz, and Th-metal designs but

only for one exposure for the U-metal design based on natural

uranium. The power generating costs as calculated with PACTOLUS
are plotted as a function of fuel exposure for the UOZ’ ThO2

Th-metal designs in Figures 2, 3, and 4 respectively.

Add

, and

itional fuel mass-balance data at two higher exposures

were cialculated for the HWPHW UO2 fuel design with the BNW

ALTHAEA program. Power costs calculated with this data are also

plotted in Figure 2 and mesh very well with HWOCR-UC based data.
This data confirms the validity of using the HWOCR data for
HWPIIW fuel cost calculations as well as demonstrating optimum
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exposure ior the U0, fuel to be approxirately 22,000 MWd/tonne.
The costs are a little lower than those reported last month for

this design as the result of a correction in the D,0 inventory
requirement,

Figures 3 and 4 show that the ThO, and Th-metal fuels had

not reached theoretical optimum at the maximum exposure
calculation,

Power costs for the four HWPHW designs are compared with
PWR costs in Table V. The cumparison is based on optimum expo-

sure for the 10, fuel and the highest, but not necessarily

optimum, exposure calculation available for the others.

LABLE G fieartor Poweso Cost Comparisong for 1976 Startup
Pase load operation and
declining fuel cycle costs assumed
HIWPHW
HWPHW HWP HW " Metal HWPHW
PWR U0,  ThO, (1 rtural) Th-Metal
bquilibrium Fu.o| 30,000 22,000 30,000 5,200 23,000
Exposure, Mwd/tonne declin-
ing to
20,000
Power (ost, miltls/
RV
Depreciable Fiant 2.57 2.506 2.063 2.82 2.53
Operating and
Maintonance 0.29 0.3¢9 1. 38 .39 0.37
Fuel Cycle Includ-
ing D,0 1.47 1.18 1.78 1.27 2.14
Total 4,34 4,12 4,79 4.48 5.u4

C. RESEARCH AND DEVELOPMENT STUL =S - 20000 THRU 99000

Pressure Tubes - 21300

(R. P. Marshall)

treep of Pressure Tubing*

bn this tashk, thick-walle tubulur specimens will he intern-

aliy pressurized to measure v ‘ous creep and stress-rupture

*
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parameters, such as rate and magnitude of primary and secondury
creep, time and strain to tertiary creep and to rupture, and the
sensitivities of these properties to stress, stress svstem,

temperature, neutron flux, neutron fluence, and materiaj

tactors,
A prime goal of this task iz to define how

creep to some strain
limit or to rupture will affect pressure tube lifetime,

seek ways to maximize reliable pressure tube life as

and to

controlied
by creep. This includes, therefore, the effects of material and

environmental parameters on mean creep behavior and the disper-

sion in behavior expe-~ted in a large sample, i.e

., the many tubes
in a large HWR,

An experimental test assembly (Thermos specimen) dJde
for obtaining in-re ctor Creep data from biaxially str
tubing is under development.

si1gned
essed

This assembly consists of two con-
centric tubes separated by an evacuated annular space between the

inside of the outer tube and the outside of the inner tube; the

cnds are sealed by welding or brazing spacer rings 2t the ends of

the tubes. The wall thickness of the inner tube is sclected so

that the environmental pressure on the inside surface and the

vacuum on the outside surface produces stresses large enough to
cause creep. The outer tube has a wall thick enough 50 that

there is no creep under the action of hydrostatic pressure on the

outside surface. This assemblv has the substantial advantage

that creep-to-rupture tests can be run in laboratory loops or
reactor channels without the release of damaging amounts of

stored energy to the test environment, including a "driver" fuel

clement which can be located within the inner tube during reactor

tests. With appropriate "driver" fuel design, high fast necutron
cxposures can be achieved.

The outer tube, which series as a "load frame" for the inner
tube creep specimen, mav, subs :quent to a creep test, be used for

pestirvadiation crach Propagation tests., Stress riser slots op

stmulated detects car o be placed in the outer tube surfaces, pro-
srded that o thee do nat compramise the annulbar VACHIT s ngce
T tF Proe b g uter taboes, Here, again, 4oL ottt

: R P TP LR SR T U I
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Creep deformation measurements may be derived for this type

of assembly by measuring changes in the liquid displacement of

the assembly. Micrometer measurements of the inside diameter of

the inner tube may also be used, but such measurements are often

difficult to obtain with good accuracy after *he assembly has

been irradiated. Changes in displacement at periodic intervals

can be measured by weight measurements in air and in water. If
corrections can be made for corrosior weight gains, crud deposi-
tion, etc., subsequent measurements need only be made in water.

In-reactor corrosion testing efforts are expected to provide the
necessary corrections.,

An experimental "Thermos' assembly has been fabricated and

1s being tested in a corrosion test loop. The loop operates at

a pressure of about 1100 psig and temperatures corresponding to

the ETR-G7 loop for each reactor cycle. At this pressure the

hoop stress on the creep specimen of the Thermos assembly is
about 27,500 psi. The initial run was about 70 hr at 272 °C.
After this run the average (micrometer) measured change in diam-
cter of the inner tubular creep specimen was 6.0 mils. The

average change in diameter calculated from "displaced" weight

Changes was 4.9 mils. During three additional exposiures the

average diameter changes were 11.8, 4.0, and 2.3 mils by
micrometer measurements compared to 11.6, 5.0, and 2.2 mils by

displacement measurements, respectively. A fifth cycle will be

completed in early June, So far the cumulative change in diam-

eter 1s 24.1 mils by dimensional measurements as compared to

23.7 mils from "displacement” weight changes. These quantities

are in rather good agreement and suggest that indeed "displace-

ment' welghing can be satisfactorily used for creep measurements
in the Thermos assembly,

Flaw and Fracture Evalvation of Pressure Tubing*

this task will develop inf~rmation or factors controlling

flaw growth, the rates of flaw growth, and the cffects of

*
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naturally grown flaws on the fracture behavior of lircaloy pres-

sure tubing. Internally pressurized pressure tube sections and

pressure tube coupons will be used to study flaw geometry,

material, thermal, neutron flux, neutron tluence, and Chemical

stress cycle effects. Comparison of the crack growth rates and

stress intensification factors will establish feasibility of

supplementing pressure tube data with the more efficient coupon
tests,

Work has been initiated on a technique that should allow the
prediction of crack propagation behavior in a pressure tube based

on the results of simple {lat test specimens. Using this tech-

nique, it should be possible to nredict the behavior of in-reactor
pressure tubes undergoing irradiation
tubes,

as well as unirradiated

At the present time, there is no
the stress intensity factor (K) for a
it 1s therefore not possible to treat
behavior of tubes analytically,

satisfactory solution for
tubular configuration, and
the crack propagation
Several attempts have been made,
both analytically and empirically, but to daie, the results have
not becn universally applicable to a wide range of tube sizes and
materials. Some of the initial work in this program will attempt
to correlate the cracking behavior of analytically tractable
configurations (flat sheets etc.) with the equivalent behavior

in a pressure tube. This correlation would be used to supple-
ment flaw growth tests on pressure tubing with tests of flat
sheet specimens that are more efficient in testing materiai and
environmental parameters such as texture, hydride orientation,

and presence of neutron flux and neutron fluence. The technique

should be applicable to all geometries of circular tubing and to
many materials.

Some preliminary analytical work has been done on this

moinodand 1t will be described brieflv. 1t shauld he empha-
S Tod

ar the results presented are based on insufficient Jdata
id are tor illustrative purposes only.  Lxperireatal fatiguoe

STACh propaation daty were measured foar three PElL o] ool poie. s
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of aluminum and Zircaloy-2 (Figure 5). These data were analyzed

on the basis of recent literature results that show that the

instantaneous crack growth rate in any material and specimen
geometry during cyclic loading = controlled by the fluctuations
in the stress intensity factor (aK) around the crack border.
This means that when similar crack growth rates are observed in
different geometries, the aK must be the same regardless of the
experimental conditions of specimen geometry, etc. Thus, the
crack growth rates observed in the pressure tubes (instantaneous
slopes of curves in Figure 5) were related to aAK by using a
"material calibration" of crack growth rate against AK from
analytically tractable specimens (Figures 6a § b). Fhis derived ak
value and the crack lengths associated with each data point were
then used to construct the basic tubular calibration of AK versus
crack length, Figure 7. While Figures 6a § bare material caii-
bra*ions and independent of specimen geometry, Figure 7 is a specimen
calibration and should be independent of material. It is

believed that the data for Zircaloy-2 and 6061-T6511 aluminum

(Figure 7) show some deviation between the two materials because

the material crack propagation properties (Figures 6a & b) have not
been determined accurately vet for either of the materials, i.e.,
observe the scatter in Figure 6b.

Once the empivical solution for aK in thick-walled tubes has
been accurately derived and tested, it would become the means of
converting crack growth versus crack length data on sheet speci-
mens (like Figures 5, 6a § b) under new environmental and/or

material conditions to the equivalent crack growth rate versus
crack length fecr tubes under there same conditions.

HWRP Fabrication Specification for Zircaloy Pressure Tubing#

An HWR pressure tube fabrication specification is being pre-

pared for the fabrication of high quality Zircaloy pressure tubing

for HWR service. The specification is being based primarily on

e PNL Erainecrivy Materials 2 Moo
T e T B
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O Test No. 1, Singie Edge
Notch, 3.125 in., Thick

The data shown
are considered
preliminary
and are used
only as an
example
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1074
" O Test Conducted by the Boeing Co.
- for R. Segal of Lawrence Radiation
Laboratory (1963), Center Notched,
[ R = +0.05, R.T., 0.102 in. Thick,
- Annealed, Specimen No. 1A
A OTests Conducted by W. £. Anderson
- at the UDenver Fracture Mechanics A
Workshop (1967}, Single-Edge MNotch,
Room Temperature
{ A Test No, 1, 0,0953 in. Thick,
Annealed, R = +0.03]
i O Tests No. 2 and 4,
0.124 in. Thick, Cold- O
Worked, R Varied from
+0.0B3 to +0.100
1073
r
|
i The data shown are
tonsidered prelimi-
L hary and are used
only as an example
10'6 L 1 A ] [ I | I | 1 | i ! |
103 104 10

FIGURE 6&. Craek Crowth 1

tn Sheet pecimensg of Zircaloy-2
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the compilaticn and review of the specifications used for
Pickering, PRIR, and N-Reactor pressure tubes, and the appropri-
ate ASTM specificotions (reported in HWRP Monthly Report BNWL-
703). There will be two major seciions to the specifications.
The first will contain those items necessary to assure high

quality pressure tubing where the required limits for the spec:-

fication have been defined. The second section will contain

items that are candidates for the first section but cannot be
included because their effect on tube life or reliability has

not been defined, or the technolog required to formulate a

specification is not available in a suita -
use,

form for commercial

Main llcat Transfer System - 31000

( W. R. lewis)

A revised task was prepared for the FY 1969 LINPP on the ma:

nvat transfer system. This activity provides for the development

of technology, systems, and components needed to upgrade currently

acceptable light - iter reactor ain heat transfer systems and/or

components in those areas of special importance for HWR's,
tmyasis will be placed on problems that are unique to IIWR large

svstems suck as those relating to detection and control of heavy

water leakage, performance, and reliability. Problem areas that

are common to both heavy water and light water reactors will, in
general, be excluded except for maintaining cognizance of LWR
developments. For large HWRDPR's, the required performance,

reliability, and size of components and systems for dual purpose

applications will be developed. In subsequen. rears a continusd

emphasis will be on collecting and analyzing equipment performance
data with ar increasing experimental program on lcakage control.

Work continued during the month on statns of technology for
seals and leakage centrol methods.
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ITI. USAEC/AECL COOPERATIVE PROGRAM
N HEAVY WATER REACTORS

A. HEAT TRANSFER AND FLUID DYNAMICS

cffect of Rod Spacing on Boiling Burnont - T.C
Pacific Northwest Laboratory
{D. R. Dickinson)

5.1.5

The purpose of this program is to determine the effect of
the spacing between rods on the burnout heat flux in heat trans-

fer from rod-bundle nuclear fuecl elements to water. The analysis

of the data obtained in the tests reported ecarltier has een com-

pleted, and a summury of these tests and siegnificant results
presented below.

are

The test assembly tsed in these experiments consisted of

clectrically hei ted inner rod surrounded by a multilobed outer

an

wall wiich simulated the four adjacent fuel rods and four adjacent
flow channels in a multirod fuel bundle with square pitch. Inter-
changeable center rods with diameters of 0.504 and 0.584 in. were
used to produce spacings of 0.080 and 0.040 In., respectively,

The equivalent diameters of the flow channel were 0.340 and

0.276 in., and the heated length was 60 in. Spacing between the

inner rod and the outer wall were maintained by ceramic spacers

attached to the innc¢r rod at 12 in. int-rvals. The test section

was designed so that boiling burnout would occur preferentially

on the inner rod. The heat flux on the four innor lobes of the

outer wall (facing the rod across the gap) was 865 of that on the
inner rod, and the 12at flux on the four outer lobes

{facing the
main flow channels) was 83% cof that on the inner rod.
At cach spacing, boiling burnout heat fluxes were determined

at pressures of 600,

1200, and 2000 psig mass velocities of 1, 2,
6

and 3 x 10 lh/hr-ftz, and inict conditions from 300 Btu/lb sub-

cooled to 32% quality. The outlet quality ot burnout was in the

range of 4 to 30%; the burnout heat flux was 0.12 to 1.08 x 10°

Btu/hr-FtZ.
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The results of these experiments are summarized as follows:
Effect of Rod Spacing

The burnout heat flux was generally greater with the
0.080 in. than with the 0.040 in. spacing. The magnitude

of the difference depended on pressure and flow. At

1200 psi, 1 x 10° lb/hr-ftz, the burnout heat flux was

about 10% higher with the wider spacing; at 2 x 3 x 108
lb/hr-ftz, the burnout heat flux was 30 and 40% higher,
respectively. At 2000 psi and 2 x 10° lb/hr-ftz, the
observed effect of spdacing on burnout heat flux was

regligible.  No conclusions could be obtained from the

600 psi data because of data scattering. The increase

in burnout heat flux with increased spacing is in agree-

ment with the data of other investigators. However, some

of the other studies have shown a significant effect only
for spacings less than 0.040 in.
Lffect of Pressure

The burnout heat fiux increased greatly with decreasing

pressure at constant juality. At a mass velocity of

2 x 10° lb/hr—ftz, tie burnout heat flux was 50% higher

at 1200 than at 2000 psig for the 0.080 in. spacing; 25%

higher for the 0.rf10 in. spacing. The burnout heat flux

was also higher at 600 than at 1200 psig, but the data at

600 psig were too scattered to assign a quantitative value.
Effect of Mass Velocity

At a constani outlet quality, the burnout heat flux as a

function of mass velocity passed through a minimum at a

mass velocity of aboui 2 x 100 lb/hr-ft2 with the 0.080 in.

spacing; the burnout heat flux at 1 x 106 and at 3 x 106

was 10. higher. When the spacing was reduced to 0.040 in

the minimum was shifted to a higher mass velocity. The

burnout heat fluxes were nearly the same at 2 x 106 and

3 0x 10b lh/hr-ftz, but 30% higher at 1 x 106 lb/hr-ftz.
Lffect of OQut'et Quality

* oy

The burnout hcat flux decreased with increasing quality.

(The few exceptions to this are prab.bly erratic points.)
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The change in burnout heat flux with rod Sp
depend significantly on quality,
o Effect of Unheated Surface

acing did not

Two runs were made at the 0.080 in. spacing with the outer

The burpnout heat flux
was 10% higher than with both surfaces heated,
variance with other burnovt data,

wail of the test section unheated.

This is at
in annular geometry,
which show a lower burnout heat flux with one surface
unheatcd.

All the burnouts with the 0.040 in,

with 0.080 in. spacing occurred at the downstrean «nd of the

inner
rod at points adjacent to one or more of the gans,

In some of the
runs at 0.08L in. spacing (i.e., at 1200 psig, 3 x 10° lb/hr-ft2

N
and at 2000 psig, 2 x 100 Ih/hr-ft°) burnout occurred on the outer

lobes of the outer wall or occurred on ovoth surfaces simultane-

ously. 1In one test (with only the inncr rod heated),
occurred 9 in. upstream from the end of the rod,

hurnout

Burnout appeared first as intermittent minor excursions in

the surface temperacure. When the heat flux was
ther,

increased fur-
these excursions became larger and closecr together giving
a sawtooth graph of wall temperature versus time with

i frequency
of about 1 cycle/sec. Still further

increases in heat flux
resulted in fast temperature rises

which could be arrested only
by reducing power,

The burnout heat flux reported here is that

at the first appearance of theso intermittent temperature
excursior

The test section is being rebuilt to replice the ovter

wall
whi-h was damaged by arcing at the end of these

experiments,

Following the replacement of this componcnt, the test section

will be used to measure burnout heat fluxes
H.015 in.

0.080 in.

with a spacing of
for comparison with the data obtained at 0.040 a.d

spacing and most of thosc

b4
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Subchannel Code Development and Local Subchannel Burnout -
TAC 35.1.6

PacIfic Northwest Laboratory
{(A. S. Neuls)

The computer code COBRA was developed at PNL in FY 1967 to
enable the analysis of local

coolant conditions in rod bundle
fuel elements by considering

the effects of turbulent mixing and
boiling diversion cross-flow between coolant subchannels. This
code was developed to enable

the calculation of local enthalpy in
rod bundle fuel elements for

the analysis and correlation of exist-

During the current fiscal vear, this
code was modified, impfoved,

ing boiling burnout data.

and implemented in preparation for
applying it to various selected rod bundle boiling burnout data.

A comprehensive literature survey of the available boiling

burnout investigations of rod bundles and annular configurations

published since 1962 has provided a large amount of data. Prepara-

tion of computer input containing the necessary geometric and
operating factors from published investigatiors considering rod
bundle fuel clements has been compl- ted,

and computer analysis of
the data has started.

However, p-eliminary use of the code

revealed some minor program problems which have since been
corrected,

The COBRA calculations of local conditions should proceed

rapidly, and results should be available soon for comparison and
correlation purposes.

tritical licat Flux in a 9.ft Bundle - TAC 3.3.8

Colum>ia University Engineering Research Laboratory
(J. L. Casterliine)

No report was received this month.

Measurement of Flow and Enthalpy in the Subchannels of a BLW-250
Geometry Rod Bundle - TAC 3.3.5

Columbin University Engineering Research Laboratory
(J. E. Casterline)

Prelimi.ary analysis ot flow and enthalpy data in the j«

lated subchannels of the BLW-250 geomctry has been completed.

The results have been tabulated, and confidence

o0-

J1mits for the
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experimental measurements established.
in the data,

Where there was scatter
1t appeared to vesult from limitations in the flow
measuring instrumentation used to determine subchannel flow rates.
The problem was one of ‘nstrumentation and will be eliminated in
the last series of tests through incorporation of a direct read-
ing frequency counter to measure the turbine flow meter output.
I't should be noted that errors from this source in no way pre-
cluded an cffective analysis of the data, since they represented
only a small fraction of the variation in subchannel flow. The
final phase of analysis, which is currently underwav, involves
both a complete graphical presentation of the data, and a s tudy
in light of the existing computer codes.

The geometry of the U.S. Open Spaced Bundle has been modified

as shown in Figure 8. This change was made in order tc¢ allow use
of a ceramic shroud liner,

The asymmetrical geometry previously
considered would have

required the use of an asbestos-phenolic
shown in past tests to be less dimensionally
undesirably high friction factecr, compared
with the ceramic. As indicated in the March HWRP monthly report,
the test program will be conducted in two parts.

liner, which has bheen

stable and to have an

The first will

involve simultaneous measurement in Channels 1 and 2, and the

second, which will be conducted if time and funding permit, s

confined to measurement in Channel 3 aione. The investigation

will be carried out at system pressures of 500 .nd 1200 psia.

In previous work, pressures of 500, 700, 1000, and 1200
tnvestigated.

were
Reduction in the number of pressure levels investi-
gated will allow more time for an intensive study within a wide
range of exit quality and heat flux condiiicns.

It is expected
that this work will b. completed in June.

itWR 28-Rod Bundles - TAC 3.3.12

Columbia University Cngineering Research Laboratory
{J. 1. Casterline)

There are two test scctions that are being fabricated for
this task., The rods in both bundles will be fabrica*ed to »imu-
tate short, discrete fuel bundles present in the Pickering
reactor (18 1n. hetted length ner bundle with 19.34 in,
simulated end plates).

hetween

-5
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Channel 1 Crannel 2
Pressure Tap Channel 3 Reference
Pressure Tap Pressure Tap

| Channel
Pressure
Channel 1 Channel 3
Reference Reference 0.148 in.
Pressure Tap Sressure Tap oo
Rod Cutside Diametsr 0.422 in.
Rod Pitch 0.55%5 in.
Rod to Rod %Spacing 0.133 in.
Rod tr Wall Spacing 0.748 in.
Total Flow Area 0.02389 ft?
Subchannel Area 0.001168 ft2
Radial Heat Fiux:
hot Rods [H] 100 -
Cold Rods 86%
Isolated Charnnels 1, 2, and 2

FIGURE o, J.o Upen Spaced dundle

2
Tap
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The first test section will consist of four 18 in. uniformly
heated bundles having a total heated length of 72 in.
will have five 18 in. bundles and one 15 in.
heated length of 105 in.

The second
bundle for a total
The exit three segments in this latter

bundle will be at successively lower heat fluxes to approximate

a half cosine. More detailed information on both test sections

was presented in the HWRP monthly report for January 1968.

The nickel end connectors und the end plate segments for both

test se~tions have been machined. The tubing has been cut into

scgments for the first test section, and rod fabrication has

started. All other components are currently in fabrication.

Lxperimental operation is scheduled for the latter part of June.

MG Sets for Power Increasc

The motor generator sets which were selected to provide
increased power capability are presently in Houston, Texas. The
windings on all motor generator sets are undergoing a slow haking
process prior to reinsulation of the conductors. The specifica-
tions, which have been written, require that the dc generators
all be separately excited and that a serics differential fic'd

be wound on the pole pieces. The series differential Ficld must

have a voltage drop of 20% from no load to full load. In addi-
tion, an adjust.ble shunt is to be suppli | which will enahle
adjustment of the external characteristics so that the optimum

region can be used for parallel operation over the entir: voltage

range from 0 to 250 V dc. Additional tests specified for the

cquipment include insulation tests, no load characteristic, and

full load {507 overload) tests. It is anticipatea that the equip-

ment will be reconditioned and altered by late August.

It is necessary to provide for the accommodation of the
motor generator sets in the building prior to their shipment.
The Contracting and Engineering firm of Spencer, Whitc and
Prentis is devcioping an estimate in accordance with Columhia

specifications as to base size and location. This firm designed

the has: of the cxisting motor-genera or set.




38 BNWL -840

B. STABILITY AND CONTROL

Analysis of Spatial Flux Control - TAC 4.3
Oak Ridge National Laboratory
(John V. Wilson)

During May the principal accomplishments were completion of
programs for simulating operation of the Pickering reactor under
two new control schemes. Sample calculations for each scheme

were sent to AECL personnel for their information. In addition,

work continued on developing additional programs to simulate

other control schemes, especially the sector control scheme used

in the British large gas-cooled reactors.

On May 28 an oral presentation of project progress and plans

was made to the Stability and Controls Subcommittee, TAC,
their meeting in Richland, Washington.

L. REACTOR PHYSICS

at

Temperature Coefficients Measurements - TAC 5.2
Savannak River Laboratory
(B. €. Rusche)

Measurements of the uniform temperature coefficient of

reactivity have been performed for a D50-cooled lattice of simu-
Y P 2

lated burned-up UO2 fuel in the SE. The fuel assembly consists

of 31 fuel rods with Pu/U weight fraction of 0.00259. The lat-
tice contuined nineteen assemblies on a 12.12 in.

triangular
pitch. Results of

the measurements are presented in Table VI.

Material bucklings calculated using the HAMMER code for a

D,0 purity of 99.75 mole % are shown in Table VI.

Effective
radial bucklings for the SE,

calculated using the PDQ-05 code,

are also given and have been used with the measured values of
b

H® to determine the -.aterial bucklings.

HAMMER calculated PZO
purity coefficients

have been used to corr=ct the measured values
of HY to a purity of $9.75 mole ° D,0. The material buckling
reyorted have heen corrected by adding the exﬁerimcnt

determined immersion heater worth of 19 b,

values ally
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The region beatween the inner and outer housing can, which is

normally filled with air, was filled with D,0 for the temperature
measurements to provide an adequate heat transfer medium between

the bulk moderator and the fuel. Buckling measurements were made

at room temperature for the air-filled case.

Detailed foil activation measurements have beer performed at
both 23 and 80 °C,

Analysis of the data obtained is currently
underway.,

HAMMER Code - TAC 5.4
Savannah River Laboratory
(1. C. Honeck)

No report was received this month.

D. FUEL AND MATERIAL TECHNOLOGY

Lvaluation of Zr--2.5 wt% Niobium Pressure Tubing - TAC 6.9
(F. J. Pankaskie)

The genrral objective of this program is to evaluate
Zr—=2.5 wti nicbium alloy tubing as a pressure tube mate+rial with

reference to tests and reactor experience that has been obtained
with Zircaloy-2 pressure tubes.

Crack growth and propagation studies are a part of the over-
all program to evaluate Zr—2.5 wt% Nb alloy for pressure tube
applications in nuclear reactors. As a part of the crack growth
and propagatior studies an initial series of tests were completed
on tubing in the cold-worked and hydrided condition and the heat-

treated and hydrided condition. Results of these tests are
summarized in Table VII.

Except for two test specimens >3 and 8) all specimens con-
tained nearly full length longitudinai welds. These test speci-
mens had previously been tested with willed slots.* The cracks,
which had originated from the 1/8 in. wide milled slots, were
welded in an inert atmcsphere so that these same test specimens
could be used in fatigue crack growth and pvopagation tests.

all of the welded test specimens the fatigues crack initiating

In

P, J. Damkaskie.  Urack froragatc »n_ Chaructzristics of
’,' Fh—- L

fa 9ttt Wi Alloy Tubing, BVWL-E40, Paczifice Jerthueat
Labopator,, Lisiland, Washingtcon., Octobep 1862,
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electrical discharge machined (EDM) slot was located at least one-
fourth of the circumference away from the longitudinal weld to
minimize heat and residual stress effects arising from the weld.
For the two test specimens which had not previously been tested,

the EDM slot was located at the point of minimum wall thickness

at the mid-length of the specimen. All test specimens were

hydrided under identical conditions to concentration levels of
200 to 275 ppm corresponding to saturation at 400 °C to achieve
substantially uniform hydride throughout the test specimens.

For the heat-treated and hydrided specimens, the aging treatment

was corrected to compensate for the time at temperature required

in the homogenizing treatment. A 10 mil surface layer was

removed from the outside diameter surface of the three cold-

worked specimens for the purpose of removing any massive hydride

layer that may have been present. Except for Specimen 8, there

was no removal of surface material from the heat-treated and

hydrided test specimens. From the outside diameter surface of

Specimen 8, abcut 10 mils were removed in the vicinity of the
EDM slot.

Figure 9 shows the curves of hoop stress at failure versus
critical crack size for heat treated material in both the

unhydrided and hydrided condition size. In Figure 9 it is seen

that for the heat-treated and unhydrided condition, the critical
crack size in a test specimen with a milled slot is roughly 60%
greater than in a test specimen in which a fatigue crack is grown.
At the same hoop stress one suspects that this difference is pri-

marily attributable to the sharpness of the fatigue crack and

therefore greater stress intensity. There is some data (BNWL-560)

that suggests tiat prior fatigue damage may reduce critical crack
sizes,

For the heat-treated and hydrided condition, tubing with a

small milled slot appears to be stronger than it would be if a

comparable sized fatigue crack were present., With appreciably

longer fatigue crack and milled slot sizes, the situation appears

to be reversed. The reason for this behavior is not now obvious.
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All of the welded specimens (10A, 17, and 21A) had previously been

tested at room temperature with milled slot lengths of 4 in.,

1/2 in., and 1-1/2 in., respectively. At room temperature, hydride

reorientaticn from inert atmosphere welding would not be expected

to alter the total hydride concentration level or singificantly

alter the hydride crientation and distribution a‘
tant from the weld and heat affected zones. Test

o

S (see Table VII) had not been subjected to prior
slols or welding.

locations dis-
Specimens 23 and
tests with milied
The fracture strengtl and critical crack sizes

are appreciably less than for those subjected to prior slot tests

and subscquent welding. Based on these data, one tends to con-

clude that either the prior slot test and/or weiding is a domi-

nant factor in these observed differcnces. Metallographic and

fractographic examinations are needed to ascertain the structural
differences in these two groups of test specimens.

In the case of the three cold-worked and hydrided test speci-
mens (see Table VII) there was no sigrnificant crack propagation

from the fatigue cracks. Ductile tearing cruld be induced from

the tips of the fatigue cracks only so long as sufficient inter-
nal pressure could be maintained.
propagati n did occur,

In one specimen, 30-8, crack
Under internal pressure, a propagating
crack was initiated in or immediately adjacent to the heat-

affected zone of the longitudinal weld seam even though a 3 in,

long fatigue crack was present. This crack was initiated and

propagated nearly the full length of the test specimen (16 in.)
at a hoop stress of 21,000 psi. This crack was initiated on the
side of the weld nearest the 3 in. fatigue crack. An appreciable

amount of bulging occurred between the origin of the propagating

crack and the 3 in. long fatigue crack. This bulging apparently

turned the running crack ends away from the weld zone and toward

the fatigue crack ends. As the running crack approached the

length of the fatigue crack, it again turned and ran parallel to

the tube axis. Hence, while the fracture toughness of the cold-

worked and hydrided tubing appears to be much better than for
the hcat-treated and hydrided tubing, "brittle'" crack propagation



can, under proper circumstan<es, occur. It is suspected that the

failure originated at some flaw or defect in or adjacent to the
heat affected zone of the weld since a similar test specimen was
able to withstand a hoop stress of 67,000 psi without failure.
Residual welding stresses were probably a contributing factor.

Fractographic examinations will be made to ascertain the origin
and course of failure.

In order to provide test material for postirradiation crack
growth and propagation studies, four tubular test specimens arc
being irradiat»d in an unfueled process channel in the PRTR
(Test 127). Two specimens are being irradiated in the cold-
worked condition and two in the cold-worked and hydrided condi-
tion. In this unfg;led channel, the fast flux (E > | MeV) is

estimatec to be 10 nv. Accumulated exposure is currently

estimated at 2 x 1020 nvt.

The cold-worked Zr-2.5 wt% Nb alloy pressure tube operating

as a standard fuel channel in the PRTR continued to accumulate

exposure (total 2 x 1020 nvt) during the reporting period. No

tube inspections were performed, and no diameter measurements to
determine creep were made.

Insertion of a second Zr-2.5 wt% Nb pressure tube into the
PRTR has been proposed with the primary objective of determining
in-reactor creep by periodic diameter measurements and a secondary
objective of obtaining coperations experience with an unautoclaved

tube, The tube, in the heat-treated condition, has been prepared

and is ready for use. A detailed stress analysis of the tube,
including those stresses encountered during reactor transients at
the transitions of the two sections with reduced walls, are within

the requirements of Section III of the ASME nuclear code.

The placement of the heat-treated Zr-2.5 wt% Nb pressure tube
is being held in abeyance until the questions raised concerning
fracturc characteristics of this material when in the heat-treated
and hydrided condition are satisfactorily resolved.
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Ir-Reactor Mcasurements of Creep in Zr—2.5 wt% Nb Alloy - TAC 6.10
Pacific Northwest Laboratory
{E. P, Gilbert)

An in-reactor creep test being conducted at a siress level
ot 52.7 kg/mm2 at 300 °C is creeping at a rate of approximately
1.5 x 1078 nrl,

Corresponding unirradiated control creep rates
-0
were 4.3 x 10

- -5 -
, 4.2 x 10°%, and 1.3 x 107° hr'l. These results
agree with earlier tests that indicated that the neutron flux

dooreases creep rates at high stresses compared to its accelerat-
ing effect on creep at low siresses.

In-Reactor Corrosion of Zirconium Alloys - TAC 6.14
Pacific Northwest Laboratory

(A. B. Johnson, Jr.)

Three specimen holders were charged into the G-7 loop of the
Engineering Test Reactor at the beginning of Cycle 95 (March 18,
1968). Specimens and goal exposures were summarized in the
February 1968 Monthly Progress Report. ETR cycles have typically
been approximately 20 days. However, current practice is to

attempt to extend the ETR cycle length.

The goal exposure (60
davs)

is expected to be achieved on Quadrant 294 at the end of

" -cle 96 (June 24, 1968). It will be discharged ana shipped to

buttelle-Northwest for postirradiation examination. The quadrant

contains corrosion coupons of Zircaloy-2 and Ozhennite in various
prefilm conditions.

U3Si Irradiations - TAC 6,15
Pacific Northwest Laboratory
(R. D. leggett)

The purpose of this program is to estaclish the dependence
of swelling in USSi on temperature, nressure, burnup, burnup

rate, and metallurgical state in order to determine the basic

irradiation behavior of the fuel. Small specimens will be irradi-

ated in temperature and pressure controlled NaK-filled capsules
and the changes in density, hardness, and structure evaluated by

detailed postirradiation examination. Sections of “uel rods that

have been irradiated by AECL are being examined in order to adjust
the present examination techniques to USSi fuel material and to
allow cross-comparison of results.
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Irradiation Program

Two capsules connected in tandem, each containing a pair of
U.Si specimens, are under irradiation at 50 psi and 625 and

725 °C, respectively, for a goal exposure of 0.2 at.% BU. Tandem

capsules provide similar irradiation environments and reduce

irradiation costs. Construction is c¢yntinuing on three additional

capsules, each containing rour UsSi specimens, desigred to operate
at 1000 psi to 0.2 at.% BU.

Specimen temperatures will range from
350 to 625 °C.

Postirradiation lLxamination

Quantitative metallography is centinuing on sections of three
irradiated rods (MJL, 990 MWd/tonne U; MJB, 1620 MWd/tonne U; and
MJL, 5900 MWd/tonne U) to determine the si:ze-frequency relation-

ship of the porosity and its contribution to the total volume

increase. At least six electron micrographs of the edge and the

core of each rod are being analvzed to obtain a representative

volume increasc. Previous electron microscopy revealed that

swelling appears in the form of tears in MJE and as spherical
pores in MJL. MJB contained both tears and spherical pores. It
is not known at this time whether the pores are filled with fis-
sion gas or are merely sintcred tears.

Uranium Alloy Fuel - TAC 6.16

Pacific Northwest Laboratery
(R. D. Leggett)

The objective of this program is to develop the design data
required to fabricate uraaium fuel elements capable of operating
At power ratings and/or coolant temperatures high enough tc

require fuel temperatures in the 500 to 700 °C range to peak expo-

sures of about 12,000 MWd/T. The hasic fuel design utilized will

be bonded and unbonded rod cluster elements with the individual
rods containing internal void space to azccommodate fuel swelling

by internal expansion withcut straining the clad and increasing

rod dimensions. Personnel at the Pacific Northwest Laboratory

will fabricate the fuel and personnei at the Whiteshell Nuclcar

Reseorch Establishbment will 1rradiate the elements in the WR-1
reavtor.,
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Fuel Element Fabricaticon

Ozhennite sheath tubing for the unbonded fuels was annealed
over mandrels to stabilize the metallurgical structure and to
straighten the tubing. The annealii g conditions of 600 °C and

1 hr are sufficient for full recrystallizatiun. Nondestructive

testing of the tubing by eddy current and ultrasonic methods will
be completed soon.

Machining of pellets for the unbonded fuels is complete.

The pellets are now being inspected. An inspection method was

devised for accurately measuring the angle zand/or depth of the
conical voids that were machined in the pellet ends.

The method
can be used on irradiated pellets as well.

All coextrusion billets were assembled and extruded.
sions appear to be excellent.
were prodtced,

Dimen-
Very smooth, uniform central voids
The smaller mandrels (approximately 0.120 in,

diam for the 5% void) tended to neck off dus to two factors, the
small cross sectional area and low hardness of the mandrel. The
hardness of all mandrels (1T-1 tool steel)} was about Rcb0 iastead
of the desired Rc63 to 65.

The larger mandrels (approximately
0.170 in. diam for the

10% void) performed very well despite

original hardnesses of Rcovs. Two mandrels were used for all six

of the 10% void coextrusiuns. A drop in hardness of only 3 to 5§

noints Rc was found, Th: six 0.120 in, diam mandrels had a

similar hardness drop but were used for only one extrusion each.

Metallography is in progress to confirm the dimensions and
bond quaiity of all coextrusions.

fuel lengths and beta heat treated.
being machined into them.

The coextrusions were cut to

End cap recesses are now

Develupment of the electron beam welded end closures is com-
plete. Development of the spacer tab attachment by magnetic
force welding is scheduled to begin when the TIG welded end
closure is satisfactorily developed.

Work on the gas tungsten arc welded end closure is proceed-

ing. The principle problems are (1) developing a joint design
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that will permit the free escape of helium from the fuel tube as
the heat from welding raises the temperature, and (2) minimizing

the temperature rise in the enclosed helium gas. The original

approach used six versy small projections of precise height on the
end of the tube. These produced a uniform annulus between the

end of the tube and the end cap. It soon became evident that the

gap prevented coalescence between the molten metal on the end cap
and tubing. This approach was then abandoned in favor of placing
the cap and tube end in contact. A copper chill block was fixed

on the tubing in close proximity to the weld zone in order to

prevent erxcessive heating of the helium gas. This arrangement

was only partially successful., Problems of either incomplete
penetration or blow-out due to gas pressure buildup have pre-
vented obtaining reproducibly sound welds,

A vented cap closure
is now being investigated.

Capsules were prepared for both sheath thicknesses with
internal gap lengths varying from (.075 to 1.00 in., simulating

the void at the end or between pellets. These have been subjected

to autoclave tests to determine cladding collapse conditions. No

deformation resulted from approximately 8 hr at 300 psig at 850 °F.
Tests with increasing pressures at 800 °F showed that the 0.020 in.

thick cladding was stable up to 550 psig with collapse in the
longest gap length at 600 psig. Additionsl tesis have been com-
pleted up to 1000 psig at 800 °F, which still show no dimpling in
the 0.035 in. thick sheathing. As expected, several of the gaps

less than 1.00 in. are now beginning to collapse in the thinner

sheathing. These tests have verified that under the irradiation
ccnditions anticipated for the pellet fuel there should be no
problem with clad collapsec.

E. D,0 TECHNOLOGY

No report was received this menth,

Bnse o
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F. SAFETY

Particle Transport to Surfaces by Condensing Steam - TAC 10.1
Pacific Northwest Laboratory

(L. ©. Schwendiman, T. W. Horst, A. K. Postma, J. M, Hales)

The review of particle transport in a condensing steam sys-
tem was brought to its final form by incorporating the mo
recent literature on thermophoresis and diffusiophoresis and by
beginning a detailed study of the nucleation of water drops on
particles and their subsequent growth The aim of the latter
study is the prediction of the final size of aerosol particles
and spray drops due to condensation to them and of the collection

of particles by falling spray drops due to the thermal and vapor
concentration gradients in their immediate vicinity.

The preliminary theoretical investigation of condensation

in steam-air systems progressed to a point where an experimental

design is being considered. The proposed experiment will con-
sist of a vertical condensation plate located in a chamber where

constant conditions of temperature, pressure, and humidity can

be maintained. The plate will measure approximately 3 x 8 ft

{(large enough to induce a turbulent boundary layer),
consist of 1 ft segments mounted on a vertical rack.

and will

Temperature and velecity profiles will be measured by hot-

wire and thermistor probes. Specifications for a hot-wire

anemometer have been prepared and a purchase reyuisition written,

Individual segments of the plate have been designed so that

wear and particle capture by that segment can be determined by a

simple, small displacement on the rack. Heat loads to individual

segments will be measured by observing temperature rise in the
cooling medium.

It is intended that two such plate scgments will be built

in the near future, and these will be used for preliminary tests
of the experimental design.
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[nterest in the boundary-layer equations describing condensa-
tion in laminar-flow systems has led to the application of analog
computers for their solution. Circults are currently being

designed for these solutions.
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