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FOREWORD

A program for investigating the feasibility of a boiling-potassium
reactor was initiated at ORNL in FY 1962. Perhaps the most promising
application for this reactor is for power plants designed to produce elec-
tricity in space using a potassium Rankine cycle with a single working
fluid to cool the reactor, carry out the thermodynamic cycle, lubricate
the bearings in the turbine and generator, and cool the generator. It
also shows promise for other mobile power plant applications. In FY 1962
and FY 1963, work on this program was covered in the Space Power Progran
Semiannual Progress Reports. In FY 1964, the reporting was supplemented
by two additional quarterly reports, entitled "Medium-Power Reactor Ex-
periment Progress Report."

By the latter part of FY 1964 favorable results of the feasibility
investigation led to the decision to proceed with a program to run a reac-
tor experiment designed primarily to investigate the feasibility of oper-
ating a boiling-potassium reactor, particularly its stability and control
characteristics. The work has been largely completed and reported in
some 96 technical papers and reports.

The program was sharply curtailed early in 1966, and only a small
close-out effort has been budgeted for FY 1967.
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SUMMARY

1. MPRE Degign

Summary of Principal Accomplishments and Current Status of Effort

on MPRE Program. Inasmuch as the abrupt cancellation of the MPRE pro-

gram makes this the last quarterly progress report, the first section is
devoted to a summary of the principal accomplishments and current status
of the effort. The work is divided into ten major problem areas, which
are used as headings in a table that traces the chronological development
of the work. A second table summarizes the accumulated operating time
with potassium systems at ORNL. The section closes with a summary -of

the work that would have to be carried out before a unit could be launched
if the program were to be reinstated. A list of 94 reports and technical
papers published in the course of the MPRE program is appended at the

end of the section.

MPRE Hot-Channel Analysis. The hot-spot problem in a bolling reac-

tor is very different from that in a liquid- or gas-cooled reactor, par-
ticularly if (as in the MPRE) lateral flow between the fuel rods is pos-
sible. The special problems of a boiling reactor are outlined, an analy-
sis technique is developed, and the results of typical calculations are
summarized. These indicate that the hot-channel and hot-spot effects

are very much less severe in a boiling reactor than in a liquid- or gas-
cooled reactor.

Zero-Gravity Boiler Recirculation System. A new approach to the

vapor separation and boiler recirculation problems was devised. This
makes use of a free-turbine-driven centrifuge that also acts as the ex-
pansion tank and the boiler recirculating pump. The proportions of a
typical unit together with its principal advantages and disadvantages are
cutlined.

Stress Analysis of MPRE Pressure Vessel. The effects of nozzle

penetrations for the jebt pumps and instrumentation in the head of the
MPRE reactor pressure vessel were investigated by reworking the plain-
carbon-steel model to include these components. Strain gages were in-

stalled where high stresses seemed likely, and the vessel was pressurized
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hydraulically. Results show an increase of only about 10% in the maximum
stresses found; hence no change in the vessel design appears to be re-

quired.

2. Reactor Physics

Transient Analysis. A mathematical model of the MPRE reactor was

elaborated to include all of the major elements of the system, and the
model was used to examine the dynamic response of the system to a number
of extreme hypothetical perturbations. It was found that if all the 0.5%
£k gvailable in the control rods under the clean, hot condition were in-
serted rapidly, severe overshoots in power and temperature would occur,
but it appears that the reactor might survive such accidents. When a
scram was included in the program with a 10-msec delay between initiation
of the scram signal and the onset of motion of the control mechanism,

the reactor conditions scarcely departed from the steady-state values
before the excursion was terminated and the power dropped to a negligible
value.

Reference Reactor. A detailed examination of the power distribution

around the irregular parameter of the core was carried out with a DDK
calculation. The analysis indicated that no serious hot spots would be

produced by the irregularities.

3. Development Tests

Liguid-Metal Jet-Pump Test Loop. The system for testing potassium

Jjet pumps was completed, and initial tests in the noncavitating region
were carried out. A comparison of the results with data for water show
excellent agreement.

Tests of Ultrasonic Nucleation in Potassium. A single Firerod cap-

sule fitted with pressure, temperature, and sound monitoring instrumenta-
tion showed that an ultrasonic nucleation device was very effective in
initiating and maintaining good nucleation in boiling potassium with no
nucleation sites present.

Ligquid-Metal Flowmeter Calibration Facility. Tests to investigate

improved techniques for manufacturing heaters indicate that the manufac-

turer has achieved better compaction of the electrical insulation and

C—Tr
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that good Jjoints can be obtained between Nichrome-5 heater element wires
and Nichrome-5 leads by simple compaction.

Critical-Heat~Flux Tests of Seven-Rod Boiler with Water. A comparison

was made of the relative effectiveness of a thermocouple in the center of
the rod and the leakage current to ground as indicators of burnout. Both
were found to give excellent indicgtions of incipient burnout conditions.

Small Water System. The system was modified to incorporate the

vapor and liquid piping configuration planned for the installation of
the Mark-2 turbine pump in the second small potassium system (sps-2).
Tests were run to determine the performance of the turbine pump and the
system as & whole. FExcessive lubricant leakage to the turbine cavity
required reworking of parts to reduce the bearing running clearances at
the turbine end.

Small Potassium Systems. A series of tests to determine burnout heat-

flux limitations in the SPS-1 boiler was terminated after 241 hr because
of thermocouple failures in all seven heater rods, electrical failures
in two heater rods, and a high leakage current to ground in one of the
remaining rods. The system was shut down for installation of new heater
rods that had been fabricated with improved techniques and installed in
a new boiler assembly designed for a l/l6-in. rod spacing.

After 71 hr of boiling operation, SPS-2 was shut down as a conseguence
of internal failures in the heater rods. A new rod bundle is being fabri-
cated with the new improved heater rods, and the Mark-2 turbine pump is
being installed in the system.

Tests of Turbine Pumps for Boiling-Potassium Systems. The Mark 1

turbine pump was removed from the IPS system after 2586 hr of operation
with 46 starts and stops. On disassembly it was found that there was no
sign of either turbine-bucket erosion or cavitation damage in the impel-
ler. No difficulties were experienced with galling of the parts in the
course of the disassembly, possibly as a consequence of the use of Aquadag
in the assembly of close-fitting parts such as threads.

Tests of Nozzle and Turbine-Blade Materials in Forced-Circulation

Boiling-Potassium Loop. The test was interrupted after a total of 3600 hr

becguse of a potassium leak to the atmosphere. This stemmed from an

—



improper mounting of an electric heater, which caused a leak through the
Jjoint between the thermocouple and the adapter sleeve used to attach it
to the boiler. The leak has been repaired, and operation will continue.

Intermediate Water System Operation. A new dummy heater rod was

installed in the center of the rod bundle to obtain better data on the
boiler pressure drop.

Intermediate Potassium System. Because of the relatively long period

required to obtain a new rod bundle, the first rod bundle used in the IPS
system was reinstalled in an effort to operate the system for a time while
a new rod bundle with heater rods fabricated by improved techniques was
being prepared. The test was terminated after 6 1/2 hr of operation be-
cause it became evident that the rods had deteriorated further. The rod
bundle was removed, and the new bundle of improved rods was installed.
Testing will resume early in July to determine the performance character-
istics of the system up to the full-rated output of 4 kw/rod.

Large Potassium System. Work on the system was stopped at the begin-

ning of the previous quarter as a consequence of the budget cut. The
fabricated components have been stored.

Reactor Control-Plug Drive System. Detailed measurements of the

velocity and deceleration characteristics of the control-plug drive
mechanism under scram conditions were carried out, and satisfactory per-
formance was demonstrated.

FTuel Element Irradiation Tests. Irradiation is continuing on an ex-

tensometer test assembly and on two MPRE prototype fuel element capsules.
Measurements with the extensometer capsule show that the UO; is continuing
to expand and contract with temperature as if it were a monolithic column
independent of the cladding.

Zero-Gravity Experiments. TFlight tests in the KC-135 airplane at

Wright Field demonstrated that the revised separator-expansion tank as-
sembly is basically sound in design. Difficulty was experienced with
air-bubble entrainment in the liquid in the expansion tank, but it is
believed that this would be corrected if a liquid-vapor system were em-
ployed rather than the air-water system used in the test because sub-

cooling of the tank by heat losses or by subcooled liquid in the swirl

cospammer D



jets would more than suffice to condense vapor bubbles entrained at the
rate shown in the flight test. The obvious next step in the program is
to repeat the test with steam in place of air, an approach that appears
to be quite feasible and consistent with the flight-test limitations of
the KC-135.

4. Materials

Natural-Circulation Boiling-Potassium Loop Tests. The effects of

various amounts of oxygen contamination in the potassium were investi-
gated in natural-convection loops.

Brazing Alloy Development. Tests of a series of Ni, Ge, Fe, Cr, and

Si brazing alloys show good strength both in the as-brazed conditicon and
after aging for 1000 hr at 1500°F.
Behavior of Stainless Steel Welds Under Cyclic Loading. Tests of

welded stainless steel specimens indicate a greatly reduced resistance
to strain cycling in the base metal adjacent to the weld. It was also
found that the effect can be greatly reduced by a postweld heat treat-
ment.

Rore-Seal Development. Capsule tests for 1000 hr at both 600 and
1000°F indicate that an 82% Ti—18% Cu braze is resistant to attack by

potassium vapor. The tests also indicate that, while a layer of nickel
plating is not effective in protecting a copper-brazed joint, a 3-mil
vapor-deposited tungsten layer appears to provide adequate protection.

Analysis of IPS Filter Deposit. BExamination of the filter from the

IPS system after 2600 hr of testing showed that a thin layer of a fine-
grained grayish deposit covered most of the filter-screen surface. Ex-
amination of this deposit indicates that a small amount of oxygen entered
the system during some phase *of the repair and cleanup operations, and

this led to a small amount of corrosion that caused the deposit.



1. MPRE DESIGN

A. P. Fraas

Inasmuch as the abrupt cancellation of the MPRE program makes this
the last quarterly progress report, it appears in order to begin with a
brief summary of the more significant accomplishments to date in the MPRE
program and the current status of the design and development effort.

Subsequent sections present the progress during the quarter.

Summary of Principal Accomplishments and Current
Status of Effort on MPRE Program

A. P. Fraas

A convenient way to summarize the accomplishments of the MPRE pro-
gram and to indicate the status of the development effort at the point
where the program is being closed is to make use of tables and a list of
reports on the program (see Refs. 1-94 in following Section, pp. &15.

The most significant accomplishments are listed below:

1. The compatibility of stainless steel with boiling potassium was
demonstrated.’*

2. Sufficient data on the heat transfer and burnout limitations was
obtained with boiling potassium to validate the boiling potassium reactor
concept.z‘l’“’45

3. Calculations and critical experiments showed that boiling potas-
sium reactors can be proportioned to give both a good power distribution
and good nuclear stability and control characteristics.t7,23

4. Good boiling flow stability and good flow distribution were
demonstrated in electrically heated core mockups.“ﬂl

5. Nucleation rings were developed that serve to initiate and main-
tain smooth nucleate boiling of potassium.43’93

6. A new single-loop Rankine cycle system was devised in which the
only electronic control equipment is that required to couple the reactor
to the generator output.69’71’72 Studies and system tests showed that

it has excellent stability and control characteristics.’0s72,73
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7. A 37%-scale electrically heated mockup of the MPRE was operated
2500 hr with a potassium-vapor turbine-driven feed pump.?92>93

8. A full-scale electrically heated mockup of the MPRE is about
two-thirds completed.92’93

9. Two full-scale MPRE fuel elements were operated in-pile for
10,000 hr with no sign of difficulty. One has been removed for inspec-
tion and the test is continuing on the other as of July 1966.

10. A light-weight tapered-tube direct condenser designed for space
operation was developed and shown to give a uniform flow distribution
with good flow stability.l6,67

11. A new type of compact vapor separator—expansion tank assembly
was developed and operated under zero-gravity conditions.%%,%4%

12. Studies showed that a single-loop Rankine cycle system is much
superior to two- or three-loop systems from the standpoint of both per-
formance and reliability and may be scaled readily to meet the range of
requirements from 30 kw(e) to 5 Mw(e).16s17

Table 1.1 presents a considerably more detailed picture than that
given above of the steps in the program and is a modification of a table
prepared early in the MPRE development program (and referred to briefly
in Ref. 80, p. 71) to highlight the principal Teasibility problems and
to indiéate the principal experiments planned to cope with them. Most
of these problems have been solved (with about the effort originally con-
templated), and the work carried out is covered in the reports listed in
the next section. In view of the large number of reports and the many
cross references required to relate them, it appeared best to compile
these in a list rather than to present them at the bottom of each page
as 1s normally done with references in ORNL quarterly reports and is done
elsewhere in this report. This approach also provides a convenient means
for referencing the cryptic statements in Table 1.1. To facilitate use
of this list of references, it is divided into categories that correspond
with the column headings of Table 1.1. In addition, the quarterly progress
reports are included at the end of the list. Within each category the
reports are listed essentially in the order in which the work was carried
out; thus the order does not always correspond with the order of the dates

of publication.
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Table 1.1.

Summary of Major Steps in the MPRE Program

Year

General Design and
Analysis

Reactor Core Evaluation

Boiler

Vapor Separator and
Expansion Tank

Corrosion, Mass Transfer,
and Materials Problems

Turbine Pump and Turbine-
Generator

Jet Pumps

Condenser Radiator

System Stability and
Control

System Endurance Tests

FY-59 Ten working fluids evaluated.

-60
-6l

1,2,3
One-loop, stainless steel-UOz-
potassium system devised and found
to give smallest radiator, lowest
specific weight, and highest re-
liability.}?%s3 Boiling flow sta-
bility requirements defined.30
Preliminary calculations indicated
small negative void coefficient
possible in a boiling-potassium
reactor.

FY-62 Basic development program outlined

and preliminary layouts for 7- and
9l-rod test rigs prep&red.79 Re-
actor—vapor separator—expansion
tank assembly and basic system lay-
out evolved.”’? Flow in tapered-
tube condenser analyzed.®®

FY-63 Effectiveness of capillary forces

for controlling free liquid sur-
faces analyzed.gl Anglytical
solution of system performance
characteristics, flow distribution,
and component matching requirements
worked out.%?

FY-64 Launch package configuration

evolved.t? Preliminary design of

test facility prepared.8 Poor flow
distribution at low condenser tem-
peratures found in 12-tube potas-
sium condenser corrected by delib-
erate design for choking at conden-
ser tube inlets.®’

FY-65 Test facility designed and hazards

report prepared.®71?  Analytical
design of MPRE and full-scale
mockup largely completed.®9s%0

FY-66 Scale-up potential of MPRE to 30

Mw(t) and superiority of one-loop
system in size, weight, and reli-
ability snown. 1617 Materials
problems and limitations delineated
in series of staff papers.49’5l'53
Variations of MPRE system delin-
eated to show the many degrees of
freedom available.?®s18 Stress
analysis of reactor pressure ves-
sel completed.l9

Reactor calculations defined 241-
rod MPRE core with good power
distribution and negligible void
coefficient.”?

Critical experiments verified cal-
culated critical mass, power dis-
tribution, and negative void co-
efficient for potassium in coolant
passages.19520581,82

Tuel elements specified and pro-
cured for hot critical experi-
ment.?! In-pile fuel element
tests started. Effects of local
variations in potassium reac-
tivity coefficients investigated
and found to be small.??

Control-plug drive prototype com-
pleted 2000 scrams satisfac-
torily.?® Fuel element in-pile
tests show UQ, expands and con-
tracts as if monolithic and in-
dependent of cladding.?3:%% Two
fuel elements completed 9500 hr
in-pile at MPRE full-power design
conditions.%%

Heat transfer and burnout data from
single-tube boiler showed potas-
sium boiling heat transfer perfor-
mance similar to that of water.3!

Four-rod water and seven-rod Freon
boilers showed excellent internal
flow stability consistent with
analyses.?9s80 First Firerods
tested in boiling potassium.80

Good stable flow distribution dem-
onstrated in 91-rod water boiler.
Explosive boiling problems evalu-
a.ted;81 hot fingers and nucleation
rings found to be good solutions.

81

Burnout limitation data obtained

with 7- and 9l-rod water boilers.*?

Smooth initiation of nucleate boil-
ing demonstrated in 9l-rod potas-
sium boiler both with hot fingers
and with nucleation rings only.”8

Preliminary tests with potassium in
seven-rod boiler showed burnout
1imit at least as high as for
water.%? Seven-rod-boiler zero-
gravity test rig designed, built,
and run upside down.

99% efficient liquid removal dem-
onstrated with small toroidal
air-water separator.80s81

Greater than 99% removal of water
demonstrated with toroidal vapor
separators for 7- and 9l-rod
boilers using both air-water and
steam-water mixtures.*®

Vapor separators developed for 91-
rod potassium boilers and for
zero-gravity test of air-water

unit of seven-rod boiler size.*®

Vapor separator—expansion tank for
full-scale MPRE developed to give
~99% quality in air-water tests.%®
Zero-gravity tests with seven-rod
size air-water separator in KC-135
airplane showed that a strong
swirl is required for low lateral
acceleration.®?

Revised toroidal vapor separator—
expansion tank zero-gravity design
developed in 91l-rod boiler size.
Bench tests show insensitivity to
attitude.®? Zero-gravity tests
in KC-135 airplane showed fairly
good behavior of free surface.®*

Capsule and natural-convection

loop tests showed stainless
steel compatible with boiling
potassium.*7?

Forced-convection corrosion
loop tests showed that molyb-
denum parts in stainless steel
systems are sensitive to Oz
contamination of potassium.
The use of hot traps is sug-
gested. >*

Specimens from loops showed
that corrosion mechanism in a
recirculating boiler system is
quite different from that in
all-liquid loops. Mass-trans-
fer rates are much lower, and
material moves from condenser
to boiler.?#

Tests showed that vapor-de-
posited tungsten protected
brazed Al,03-Covar joints
better than nickel plate.
Specimens removed from seven-
rod boiler system after 4500
hr showed little corrosion and
mass transfer.®%

94

Small turbine pump for seven-rod
boiler built and tested with
steam. 80 Tungsten carbide bearings
run 4000 hr in potassium with 350
starts and stops under load.80,81

Brittleness of molybdenum required
design refinements in turbine pumps
with carbide bearings for SPS-1 and
1Ps.%% Little ercsion of simulated
turbine bucket was found after 750
hr in 3000 fps jet of 84%-quality
potassium vapor.58

World's first potassium vapor turbine
operated in SPS-1. Tungsten car-
bide bearings did not scuff in 50
starts and stops.85 No corrosien or
erosion of molybdenum turbine pump
or K-94 bearings.’8185,86

Bearing trouble in seven-rod potas-
sium boiler system showed that fil-
ter 1s essential in lube supply.58
Bearing trouble in 91-rod system
showed loads should be in same di-
rection at both ends of shaft to
avoid edge loading.?®

No erosion found in IPS turbine and
punp after 2500 hr with cavitation
in pump operating at 2000 fps with
95%-quality vapor.’* Cavitation
limit in electromagnetic pump de-
pends on inert-gas pressure in ex-
pansion tank. New brazing tech-
nique gives corrosion-resistant
Jjoint for generator bore seal.%*

Water tests showed that a jet pump
operated with cavitation suppres-
sion head <1 in. Hz0.7°

Noncavitating performance determined
for jet pumps for 7- and 9l-rod
boiler systems.

Technique for obtaining good cavita-
tion gerformance test data devel-
oped.®> Basic relations for cavi-
tation performance developed and
correlated with jet pump test
data.’®

Extensive cavitation limit tests of
jet pumps for MPRE show different
types of cavitation and sensitivity
to geometry.®©

Compact jet pump layout developed
for MPRE expansion tank.®! Rig
built for testing jet pumps in
potassium. Test data correlated

well with similar data for water.®

Tests showed high effectiveness for

proposed radiator tube—reflector as-
sembly.

Zero-gravity tests of free liquid sur-

faces in tapered tubes run in NASA
drop-test tower.®? Test of 12-
tapered-tube condenser with steam
checked analysis.gl

Good flow distribution and good flow

stability demonstrated with 144
tapered-tube condenser in water-steam
system,”°

Infrared photos prove excellent for

investigating flow and temperature
distribution in potassium condenser-
radiator.®? Flow distribution stable
and uniform in l44-tube potassium
condenser.5?

Transparent condenser designed for

zero-gravity tests operated in seven-
rod water boiler system.®? Tests run
with electrically heated rod with

fins and reflector checked performance

calculations.68

Small water-steam system with boiler

and turbine pump gave smooth boot-
strap start and stable operation over
entire power range.80

Seven-rod water boiler system mockup

showed good stability and control
characteristics from bootstrap start
to full power with cavitation control
of liquid inventory distribution.®!

91-rod water boller system mockup

demonstrated good stability and con-
trol characteristics from bootstrap
start to 125% power.71 Seven-rod
potassium boiler system mockup showed
performance similar to that of seven-
rod water boiler system,8®

Electronic analog correlated well with

91-rod electrically heated mockups;’©
91-rod potassium boiler system showed
characteristics similar to those of
water system.?t

Good correlation between 91-rod potas-

sium and water boiler systems and
electronic analeg, including control

of liquid inventory distribution.?0s71

Good stability and control character-
istics found for electronic analog of
MPRE reactor and turbine generator.’?

Forced-convection boiling
potassium corrosion locp
operated for 1000 hr.%?

Forced-convection corrosion
loops operated 2820 hr.>%
$PS-1 ran 170 hr.B%6

Forced-convection corrosion
loops operated 1540 hr.%%

SPS-1 ran 1376 hr. IPS ran
400 hr.8%
8PS ran 2900 hr.°% IPS ran

2800 hr.77 Completed 10,000
hr with forced-convection
loops .4
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The problem areas implicit in Table 1.1 were called out and listed
explicitly in a program summary report prepared two years ago.ll While
in the interest of brevity this list is not included here, it is worth
noting that only one major unforeseen problem was encountered in the five
years of the program, that is, ligquid superheating and explosive boiling
in potassium.35—37:81 Nucleation rings were found to provide adequate
nucleation sites to initiate smooth nucleate boiling and maintain it over
a broad range of operating conditions (Ref. 81, pp. 113—122; Ref. 82,
pp. 54—65). Two other problems proved to be more difficult than antici-
pated; first, the system is quite sensitive to the presence of noncon-

densables,71

and second potassium-lubricated bearings are very sensitive
to fine particles down to diameters of about 5 1.%8 Both these problems
were resolved by refinements in design.58 A fourth major problem that
proved to be an obstacle in the test program, though not involved in the
nuclear plant, was good quality control in the fabrication of the electric

heater rods used to simulate fuel elements.??~9%%

This prevented accumu-
lation of the amount of endurance testing that would otherwise have been
achieved.

A narrative summary follows to put the information presented above
in perspective. As indicated in the first column of Table 1.1, a basic
element in the MPRE program was a comprehensive review of nuclear electric
space power plant applications so that performance, size, weight, reli-
ability, and related requirements could be delineated for the principal

types of space vehicle and mission.12324515

A wide variety of thermo-
dynamic cycles, power plant systems, and materials combinations was ex-

amined with a view to meeting these requirements, and both the initial

-work in the latter 1950's'»? and the recent critical reviews in the rast

yearl6'l8 indicate that a single-loop version of a Rankine cycle system

employing potassium vapor as the working fluid promises both a higher

performance potential and a greater system reliability than those of any
other cycle or system that has been given serious consideration. Such a
system built of stainless steel gives a sufficiently high performance to
satisfy the requirements for most of the missions that are contemplated,

and the cost and time required to develop it appear to be quite modest.
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If such a system of stainless steel were proved out, extrapolation of
this experience to the design and development of a similar refractory
metal system that would meet the performance requirements for the more
difficult missions should be relatively straightforward.>©»17

The design of the reactori®,23525,46 gnd a1l the components, except
the turbine generator, together with the integration of these components
into a complete system was largely completed. This work included the de-
sign and most of the construction of a full-scale electrically heated
mockup, extensive tests of the prototypes for the free-turbine-driven
feed pump’®® and the tapered-tube direct condenser radiator,®? critical

experiments of the reactor,23

stress analyses of the reactor pressure
vessel,19 development of the vapor separator and expansion tank,46 and
the design of the facility,8 including a reactor safety analysis.l2 Prob-
lems of operating the system under zero-gravity conditions were studied,13
and a series of experiments to investigate these problems was designed

for flight tests in the KC-135 airplane at Wright Field. Ground tests

of both a transparent boiler and a transparent condenser were conducted,
and both ground and flight tests of a vapor separator—expansion tank unit
were carried out with favorable results.’%

Results of extensive endurance tests of reduced-scale electrically
heated mockups of the MPRE system indicate that corrosion and mass trans-
fer in a stainless steel system with molybdenum alloy turbine parts and
tungsten carbide bearings lead to negligible amounts of mass transfer and
a maximum intergranular penetration of only about 1/2 mil in 4500 hr. Ex-
tensive analyses and system tests indicate that single-loop systems can be
designed and buillt so that they will operate stably over a wide range of

powers®2773

with only two simple basic control functions*® and can be put
through a bootstrap startup. Consequ