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LEGAL NOTICE

This report was prepared os an account of Government sponsored work. Neither the United States,

nor the Commission, nor any person acting on behalf of the Commission:

A, Makes any warranty or representation, expressed or implied, with respect to the accuracy,

completeness, or usefulness of the information contained in this report, or that the use of
any information, apparatus, method, or process disclosed in this report may not infringe

privately owned rights; or

B. Assumes any liobiltties with respect to the use of, or for damages resulting from the use of

any information, apparatus, method, or process disclosed in this report.

As used in the above, "person acting on behalf of the Commission" includes any employee or

contractor of the Commission, or employee of such contractor, to the extent that such employee

or contractor of the Commission, or employee of such contractor prepares, disseminates, or

provides access to, any information pursuant to his employment or contract with the Commission,

or his employment with such contractor.
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SUMMARY OF DESIGN AND TEST EXPERIENCE WITH CESIUM AND POTASSIUM

COMPONENTS AND SYSTEMS FOR SPACE POWER PLANTS

H. C. Young A. G. Grindell

ABSTRACT

The information available on the design and development
of components for cesium and potassium vapor cycle systems
for space power plants has been reviewed both by examining
the literature available and by personal communication with
personnel in the principal organizations engaged in this
sort of work. An overall summary of the work that has been
done is presented, together with a brief resume of each of
the principal design studies and test systems. All of the
published literature that was found has been included in an
appended bibliography to which frequent references are made
in the text.

INTRODUCTION

The Oak Ridge National Laboratory has undertaken for the National

Aeronautics and Space Administration an analytical comparison of cesium

and potassium as working fluids for Rankine cycle space power plants.

As part of the comparison (AEC Interagency Agreement UO-98-66, NASA

Order W-12353), this report summarizes briefly the information reported

on the design of components and systems for both cesium and potassium

and presents somewhat more fully the operating and test experience with

these components and systems.

The initial survey of the literature was made using Nuclear Science

Abstracts and the Scientific and Technical Aerospace Reports for 1963

through 1966. In general, the latest reports that were abstracted in

these journals were dated no later than 1965- Thus, information about

progress during 1966 and the status of the technologies at the end of

I966 was obtained by direct contact with installations that were either

active in or retained an interest in the work.



A listing of 1016 references for cesium and potassium was obtained

from the Liquid Metal Information Center operated for the U.S. Atomic

Energy Commission by Atomics International.

Personnel from Rocketdyne, AiResearch-Phoenix, and the Jet Propul

sion Laboratory were contacted during the Turbine Erosion Meeting held

at the Jet Propulsion Laboratory, December 29-30, 1966. Visits were

made to General Electric, Evendale, Ohio, and Westinghouse Astronuclear

Laboratory at Large, Pennsylvania, to discuss the work performed at these

installations.

In view of the much greater amount of work that has been carried

out with potassium than with cesium, an effort was made to include every

piece of work that has been carried out on cesium, whereas relatively

much less space was given to the fine structure of the work on potassium

components and systems.

SUMMARY

A large amount of design and development work has been carried out

on components and systems for potassium and cesium vapor cycles for space

power plants (as can be seen from the bibliography at the end of this

report). The greater part of this work has been on potassium systems.

To facilitate use of the bibliography, the work on potassium systems is

covered in the first portion, and the work on cesium systems is covered

in the second portion. Also, to facilitate its use, the bibliography

has been subdivided into sections on the basis of the source of the

publication. References 1 through Ik list the proceedings of a number

of conferences held since i960 on liquid metal technology as applied to

space Rankine cycle power systems. References 1 through 6 are from

conferences sponsored by the AIAA or NASA on space power systems.

References 7 through 10 are from joint NASA-AEC liquid metal corrosion

meetings, and References 11 through 13 are from AEC sponsored heat

transfer meetings. Reference lU was the first joint NASA-AEC liquid

metal technology meeting of a planned biennial series of specific subject

items, in this case instrumentation, and also included a session on heat



transfer to present new developments in this field since the last con

ference, Ref. 13- Reference 15 is a technical review published every

two months by Brookhaven National Laboratory and sponsored by the AEC.

This review has been published since February 1963, and presents brief

abstracts of all published reports on liquid metal technology.

References l6 through 289 list the reports published by nine con

tractors or government installations covering the contributions of each

to the potassium technology. The contractors and government installa

tions are arranged in alphabetical order.

References 290 through 31U are the publications found on work

covering cesium component and system technology. The references given

at the end of this report do not include those on work related to physi

cal properties. The work on physical properties* and corrosion** is

covered in companion reports.

A good indication of the background of experience available to

designers of components for potassium and cesium vapor cycle systems

is given by a summary of the operating experience in Table 1.

A review of the design studies indicates that there appear to be

no important differences between potassium and cesium Rankine cycle

systems other than those to be expected from differences in the physical

properties of the two working fluids. These differences have relatively

little effect on the design of the boiler, condenser, and radiator, but

they do make it possible to effect substantial reductions in the size

of the vapor manifolds and the turbine in the cesium system. The prob

lems associated with these components are being investigated and will

be covered in companion reports to be published later in this study.

A review of the operating experience with cesium and potassium

systems indicates that there are no important differences in behavior

between the two working fluids other than those associated with differ

ences in their physical properties.

*H. W. Hoffman and T. T. Robin, Jr., A Summary of the Thermodynamic
and Transport Properties of Cesium, USAEC Report 0RNL-TM-1755, Oak Ridge
National Laboratory (to be published).

**R. L. Klueh and D. H. Jansen, Effects of Liquid and Vapor Cesium
on Structural Materials, USAEC Report ORNL-TM-1813, Oak Ridge National
Laboratory (to be published).



RESUMES OF MAJOR STUDIES AND TESTS OF

POTASSIUM SYSTEMS AND COMPONENTS

The more important design and development work on potassium components

and systems is summarized in this section. Resumes are presented of the

principal studies or tests of each of the organizations that has played

an important role in the design and development work on potassium systems.

Table 1 lists these organizations and summarizes the hours of opera

tion on various systems and components for both potassium and cesium.

Subtotals for the boiling corrosion systems, component test boiling sys>-

tems, and simulated Rankine cycle power plant systems, and the total

operating time for all boiling systems are presented. The dimensions

of all the components in the simulated systems were proportioned to pro

vide operating characteristics and responses similar to those expected in

the operation of a Rankine cycle space power plant, and this is the chief

distinguishing feature between the simulated and the component test boil

ing systems. The total operating time for each component operated in

these systems is also provided. Note that the total amount of system

operating experience at each installation is smaller than the sum of

the operating time concurrently for all of the components because two

or more components were operated in each system. Similar information is

provided for the all-liquid, bimetallic corrosion systems operated at

Allison and United Nuclear. A considerable amount of reflux capsule

corrosion test operation not presented in Table 1 is discussed in the

resume.

Aerojet General Nucleonics
(San Ramon, California)

Approximately 100 hr of forced convection boiling potassium test

operation were completed in a Cb—lfo Zr test loop.16 This test loop was

also used for boiling heat transfer tests with rubidium and cesium.

For a brief description of the test loop and operating conditions see

page 21.



Corrosion tent systems
boiling systems

Tlierraal convection

Forced convection

One loop
Two loops

Subtotal

All-liquid systems
Thermal convection

Forced convection

Component test systems (boiling)
One loop
Tvo loops
Ttiree loops

Subtotal

Simulated power plant systems
One loop
Two loops

Subtotal

Total for all boiling systems
Components—power plant

Boilers

<35 kw

>35 kw

Subtotal

Turbines

With K lubricating bearings, <10 kw
Uith K lubricating bearings, >10 kw
Witli oil lubricating bearings, >10 kw

Boiler feed pumps
Electromagnetic
Turbine-driven centrifugal

Radiator

Condvuser—-to liquid metal loop
Condenser—air cooled

Condensing—radiator (combined)
Subtotal

Electrical gunurator
Operation in potassium vapor
External load device

Tumps in all-liquid systems
Potassium seals

Seal test

Hearing test rig
Instrumented

Single bearing endurance test

Table 1. Summary of Operating Time Witb Potassium and Ceelum Syateme and Components
tit Temperatures above 1000*F up to .larcb 1967

(Hours)

Potaasiua System*

AGN* AiReeearchb Allison0 Rocketdyne

100

100

100
100

1,300

1,300

5,000
900

7,200

1,300
5,900
7,200

3,000"
50°

5,900
1,300
7,200

50

5,900
3,O50ui°

3,000n
300

53,000

53,000

10,500

5,000

15,500

14,200
5,000

62,800

12,000

11,900 2,800 3,600 200

7,700 400 — 1,300 —

_ 600 — — —

19,600
—

1,000 2,600 4,900 200

_ __ 10,200 _ —

„ 1.1,000 — — ~ ~

1.1,000 —. 10,200 — ~

35,100 M,000 1,000 75,800 16,900 200

15,500 1,000 _ 71,400 16,900 _

19,600 -_ 1,000 4,400 —
200

35,100 1,000 1,000 75,800 16,900 200

_ __ 5,000"! — 100

__ _ _ — — ~

5.100P
— — — — ~~

24,600 3,600 1,000 26,900 4,900 200

__ _ — 5,0001 — ~

600 — — —

2,500 __ 600 5,000 -- ~

16,100 .. 43,600 4,900 200

16,500 1.1,000 400 27,200 12,000
200

35,100 1.1,000 1,600 75,800 16,900

„ „. — — —

„ „ _- — — —

18,600 3,600 1,600 6,100 1,300 1,600

5,100p — — ~ — --

- -300 — — — — ~~

4,500
1,600

'Acrojet-Ceneral Nucleonics, San Ramon, California.
bAlRcscarch tlanufacturing Company, Pliocnix and Los Angeles.
cAUiaon Division of General llotors, Indianapolis.

General Electric Company, Cincinnati, Ohio.

°Jet Tropulslon Laboratory, Cincinnati, Ohio.
^National Aeronautics and Space Administration, Cleveland, Ohio.
60ak Ridge National Laboratory. Oak Ridge, Tennessee.

"Tratt and Whitney Aircraft (CAHEL), Ulddlatovn, Connecticut.

Rocketdyno, Canoga Park, California

^United Nuclear, White Plains, New York.
kbrookhavcn National Laboratory, Upton, Long laland, New York.
Aerojet-Ceaeral Nucleonica, San Ranon, California*

"uestinghouac Astronuclaar, Large, Pennsylvania

The time shown for boiler feed pump, potassium soal, and test bearing was accumulated
during operation of tha turbine indicated in that column.

Casiua Systems

1,100

1,100

2,000

2,000

100,000 —
3,000 —

2,500

1,100 4,500 420

1.100 4,500 420

1,100 4,500 420

3,000 1,100 4,500

3,000

1,100 4.500
1,100 4,500

420
420

Ul



AiResearch Manufacturing Company
(Phoenix, Arizona, and Los Angeles)

AiResearch began analytical and experimental work with potassium

Rankine cycle power conversion systems on the Space Power Unit, Reactor

(SPUR) under Air Force contract in cooperation with the Atomic Energy

Commission in May i960. The objective of the SPUR Program was to pro

vide 300 kw of electrical power from a nuclear reactor heat source

using a boiling potassium Rankine cycle power conversion system. With

AiResearch as the prime contractor, subcontracts were let to Aerojet-

General Nucleonics for the reactor system, to Westinghouse Aerospace

Electrical Division for the generator, and to Battelle Memorial Insti

tute for materials support.

In 1963, the potassium technology was continued at AiResearch on

the SWAP 50/SPUR Program, with the Atomic Energy Commission funding the

existing Air Force contracts. The SNAP-50 and SPUR Rankine cycle sys

tems are three-loop systems with heat transported from the reactor to

the potassium boiler by a pumped liquid lithium loop, and waste heat

transported from the potassium condenser to the radiator by a pumped

NaK loop. At that time Pratt and Whitney (CAWEL) was made prime con

tractor for the reactor, the lithium pump, and the potassium boiler feed

pump. AiResearch was designated the prime contractor for the potassium

power conversion system with the exception of the boiler feed pump.

During 19^5, action was initiated by the Air Force and Atomic Energy

Commission to redirect the effort from development of a specific space

power system to a basic technology program. The program is currently

inactive. It is understood that some negotiations are underway with

NASA for further test operation of some existing potassium facilities

at AiResearch. The areas covered by these programs are:

1. Materials

a. Some 1300 hr of forced convection-corrosion tests in a Cb—lfo Zr

loop to 1900°F.67

b. Evaluation of turbine rotor materials.

c. Bearing material evaluation--some 63 friction wear tests were

run in potassium.
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2. Bearings

a. 300 hr operation of a single journal bearing in potassium.38

b. Over 3000 hr of tests were run on pivoted pad journal and thrust

bearings at 2^,000 rpm at 600°F in a potassium turbine-driven,

instrumented, bearing test rig. This was a stainless steel sys

tem with a 135 kw electrically heated boiler and air-cooled

condenser.

3. Turbine-Generator (Refs. 77, 8U, 86, and 87)

A total of 50 hr of operation was obtained with a single-stage

potassium turbine coupled through a splined shaft to a ^00 kva

generator. The turbine was supported on pivoted pad bearings lubri

cated with potassium, and the generator had oil-mist-lubricated ball

bearings. The homopolar generator, developed by AiResearch for use

in military vehicles, has a design speed of 39*000 rpm. The test

was conducted in a stainless steel system equipped with a 3000 kw

gas-fired potassium boiler and an air-cooled condenser. The boiler

was operated for an additional period of approximately 2000 hr,

during which the turbine was simulated with a pressure drop across

a valve.

k. Boiling Heat Transfer Tests (Refs. 66, 77* 86, and 87)

a. A single-tube potassium boiler was operated for approximately

100 hr.

b. A 12-tube, sodium-jacketed, Haynes-25 alloy boiler rated at

3I+0 kw and l600°F was operated for approximately 500 hr.

c. A 19-tube boiler, having the same construction features as the

12-tube boiler, was operated for approximately 300 nr-

5. Turbine Erosion Test (Ref. 85)

Several candidate materials for turbine buckets were tested in

lU00°F potassium vapor. Test specimens rotating at 2^,000 rpm

normal to fluid jets were subjected to up to 10 impacts.

6. Condensers

Workhorse air-cooled condensers were used in the above component

test loops.



8

7. Radiators

Analysis and design work were completed--no unit was fabricated 79

Allison Division of General Motors Corporation (Indianapolis, Indiana)
United Wuclear Corporation (White Plains, New York)

Allison ran several all-liquid, potassium, bimetallic, forced-

convection corrosion loops and subcontracted the operation of a large

number of all-liquid, potassium, bimetallic, thermal convection loops

to United Wuclear Corporation. The test loops were fabricated of

stainless steel with Cb—1$ Zr in the hot zone. The work was performed

for the Atomic Energy Commission under the Military Compact Reactor

(MCR) program. (Refs. 98 thru 102.)

The total accumulated operating time for these all-liquid corrosion

loops is listed in Table 1. The program was terminated in 1965-

General Electric - Space Power and Propulsion Section
(Cincinnati, Ohio)

General Electric has been engaged in programs to develop the basic

technology for materials and components for potassium Rankine cycle space

power systems since i960. These programs have been sponsored under a

number of WASA and Air Force contracts. The general areas covered by

these programs are:

1. Potassium Turbine Program (Refs. 103 thru 127)

Two-stage test turbine, 19*000 rpm at l600°F, shaft supported on

oil-lubricated bearings, dynamic potassium shaft seal with separate

pumped liquid potassium seal system. Total operating time 5100 hr.

3000 kw gas-fired potassium boiler and air-cooled condenser in a type

3l6 stainless steel system for the above turbine. Total operating

time 5^00 hr.

2. Boiling and Condensing Heat Transfer Program (Refs. 128 thru lU8)

a. 100 kw system, Cb—1^ Zr loop, radiant electrically heated

boiler, condenser radiating to water-cooled walls of environ

mental chamber, one electromagnetic pump. Total operating

time 65OO hr.



b. 300 kw system - two-fluid Haynes-25 system; sodium heated in

gas-fired furnace transfers heat to the potassium boiler; con

denser is air-cooled; two electromagnetic pumps. Total opera

ting time 5200 hr.

c. 50 kw Condensing Facility - type 316 SS system, except that

test condenser tube is nickel; electrically.heated potassium

pot boiler, test condenser cooled by all-liquid sodium loop

that rejects heat to an air cooler; two electromagnetic pumps.

Total operating time 2500 hr.

3. Potassium Corrosion Loop Program (Refs. IkS thru 170)

a. Refluxing capsule tests with refractory alloys. (Refs. 1^9

thru 159.) Total operating time ~ 50,000 hr.

b. Thermal convection, Cb-1$ Zr loop. Total operating time 5,000

hr.

Thermal convection, Haynes-25 loop. Total operating time

5,500 hr.

c. Prototype Corrosion Loop (Ref. l6U)

~ 10 kw Cb—1$ Zr two-loop system, sodium electric-resistance-;

heated once-through potassium boiler, potassium vapor flows

through nozzles and fixed blades of turbine simulator, finned-

tube potassium condenser radiates to walls of environmental

chamber, two electromagnetic pumps used. Total operating time

5,000 hr.

k. Electromagnetic Pump Program (Refs. 171 thru 175)

Helical induction electromagnetic pumps in all test facilities have

accumulated operating time of over ^3*00° hr.

5. Bearing and Seal Program

a. Won-contacting fluid ring seal (Ref. 176)

Total operating time 300 hr.

b. Bearings

Evaluation of candidate materials in capsule tests and in

friction and wear tests. (Refs. 177 thru 188.)

c. Instrumented water test rig. (Refs. 189 thru 19^-)
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Status of GE SPPS Potassium Program

A considerable portion of the potassium technology program work is

continuing.

A three-stage turbine is to be operated in the existing 3000 kw

turbine test facility.*

An advanced T-lll alloy boiler development test rig has been

designed and fabrication has started. Heat will be transferred to the

boiling potassium from a lithium primary loop.*

A potassium corrosion test loop is being fabricated of T-lll alloy,

in which lithium will be electrically heated by direct resistance and

transport heat to the potassium boiler. (Refs. 165 thru 170.)

A new test loop is being fabricated to test a light-weight helical

induction pump having a T-lll alloy duct.*

Tests of tilting pad journal bearings lubricated with potassium

will be run in an instrumented test rig. In-house funding will be used.

Jet Propulsion Laboratory
California Institute of Technology

(Pasadena, California)

The Jet Propulsion Laboratory recently operated a two-loop lithium-

boiling potassium system to obtain experience with liquid metal Rankine

cycle technology.195' l96 The loop was constructed of Cb—1$ Zr and was

protected from oxidation with a helium blanket rather than vacuum.195

The lithium was electric-resistance heated and pumped through the potas

sium boiler by means of a centrifugal pump. The boiler output was 30 kw

with a 1900°F potassium vapor outlet temperature. A direct-type condenser

having a design temperature of 1500°F was used. A single-stage turbine

driven 1 kw alternator, manufactured by Aeronutronics Division of the

Ford Motor Company, was installed in the potassium loop. The vertical-

type lithium pump, manufactured by Byron-Jackson Division of Borg-Warner

Corporation, employed a casing of Cb—1$ Zr. The pump was designed to

*Work is being performed under WASA contract; limited distribution
monthly progress reports are being issued to WASA in lieu of quarterly
progress reports; topical reports will be issued.



11

operate at 2100°F and 2000 rpm to supply up to 10 gpm at 100-ft head.

The pump was provided with a hydrostatic, lithium-lubricated bearing

at the impeller end, and had a rotating face seal just below the motor

cavity with inert gas pressure maintained on the lithium side of the

face seal. The potassium boiler feed pump was a direct-current electro

magnetic conduction type manufactured by Mine Safety Appliances Research

Corporation. The pump operating conditions were 150 lb/hr flow at

approximately 150 psi head at 1500°F.

The total accumulated operating time including a large amount of

isothermal all-liquid operation was approximately 36OO hr. The system

operated at full design boiling conditions for 210 hr. For the initial

test operation, the turbine-alternator was bypassed, apparently owing to

a malfunction of the turbine throttle valve. At approximately 100 hr of

boiling operation, the preheater burned out during a restart after an

electrical power failure. The system was repaired and restarted in

January 1967* and the turbine-generator could not be started. The cause

of this difficulty is currently being investigated.

Wational Aeronautics & Space Administration

Lewis Research Center

(Cleveland, Ohio)

WASA is performing experimental and analytical work with potassium

systems at the Lewis Research Center to supplement the potassium Rankine

cycle system technology development program being carried out under a

number of NASA contracts. This work includes over 50,000 hr of corrosion

tests with boiling potassium reflux capsules.197

Approximately 1000 hr of potassium condensing tests were conducted

in a 150-kw, three-loop test facility.198 In this system, WaK is electric-

resistance heated in a pumped liquid loop and transfers heat to a Haynes-25

potassium boiler; heat is rejected from the potassium either to a NaK-

cooled type 316 stainless steel test condenser, or to a finned tube, type

3l6 stainless steel test condenser radiating to the walls of the oil-

cooled vacuum chamber. When the NaK-cooled condenser is in operation,

heat is transported by the NaK either to an all-liquid radiator located

inside the vacuum chamber or to an air cooler.
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A 600 kw boiling sodium Cb-1# Zr test facility has also been operated

some 900 hr with outlet temperatures up to 2000°F. It is understood that

reports describing this work will be published within several months.

Experimental investigations were also conducted in a 150-kw flash

boiler test facility to determine the nozzle expansion and flow character

istics of potassium vapor.199

The potassium analytical and test programs are continuing.

Several in-house studies were made of alkali metal vapor turbines.

The effects of variations in turbine geometry and different mechanical

and operating constraints on turbine efficiency and Rankine cycle effi

ciency were investigated systematically. The final reports of these

studies are documented as Refs. 300 thru 305 and briefly discussed on

pages 26 thru 30.

Oak Ridge National Laboratory

Work on potassium systems at ORNL stemmed from a study of various

cycles and working fluids for nuclear electric space power plants which

was carried out at ORNL in 1959 under the ANP program. The study indi

cated that a single-loop boiling potassium reactor system built of stain

less steel would give a lower specific weight, smaller radiator, and

higher reliability than any other system that appeared to be feasible.207

The initial experimental effort was directed at an investigation

of the mass transfer and corrosion problems of boiling potassium in

stainless steel systems at l600°F. This consisted of tests with both

reflux capsules and thermal convection and forced convection test loops.

(Refs. 228 thru 233-) Concurrently, an experimental program was carried

out to determine boiling heat transfer and burnout heat flux in single

tube, electrically heated boilers. (Refs. 21k thru 227.) The stainless

steel corrosion program was completed, and a similar investigation of

boiling potassium in refractory metal systems is continuing as part of

the High Temperature Materials Program. (Refs. 265 thru 270.)

Favorable results from the materials compatibility and boiling heat

transfer tests, described above, led in 1961 to the initiation of a

program to develop a boiling potassium reactor and the related system.808
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A comprehensive development program was laid out with the primary emphasis

directed toward the most difficult problems. The close similarity between

the thermodynamic properties of water near room temperature and potassium

at 1500°F led to a substantial amount of initial test work with water to

develop jet pumps, free turbine-driven feed pumps, boilers, condensers,

and vapor separators, using glass and Lucite parts to permit direct visual

observation of two-phase flow phenomena.

Upon satisfactory completion of this work, three reduced-scale potas

sium systems designed to simulate a full-scale Rankine cycle power plant

were fabricated of stainless steel with electrically heated boilers, and

were operated with potassium to investigate system stability and control

characteristics. (Refs. 2^9 thru 26k.) Two of these systems, referred to

as SPS-1 and SPS-2, had boilers of 28-kw design power, and the third,

referred to as the IPS,247 had a 364-kw boiler. Each system was equipped

with an electromagnetic type boiler feed pump used for start-up and a

free turbine-driven boiler feed pump. All three systems used the same

basic design of tapered-tube condenser radiating to either an air-cooled

or a water-cooled heat sink. Development of a turbine-generator was not

included in the program. The turbine-generator was simulated in each of

the three systems by a pressure drop in a line which was operated in

parallel with the turbine-driven feed pump.

In addition, several helical induction and rotating magnet electro

magnetic pumps and a jet pump were operated in all-liquid potassium test

loops to obtain their performance characteristics, and another all-liquid

loop was used to calibrate electromagnetic flowmeters.

The Atomic Energy Commission drastically reduced the funding of

MPRE development work for Fiscal-1967- As a result, operation of the

IPS was terminated, and the loop is in standby condition. Some funding

was made available to obtain data on burnout heat-flux for potassium in

the SPS-1 and to operate the SPS-2 on a steady-state endurance test.

Operation of forced-convection, refractory-metal boiling potassium

corrosion tests under the High Temperature Materials Program is continuing.
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The potassium technology programs at ORNL are briefly summarized

below:

1. Boiling Potassium Corrosion Tests

a. Refluxing capsule tests with refractory alloys230

Total operating time 65,000 hr.

Refluxing capsule tests--stainless steel

Total operating time U,000 hr.-

b. Thermal convection—Cb—lfo Zr loops

Total operating time lU,200 hr.

Thermal convection—stainless steel and Haynes-25 loops328

Total operating time 29*^00 hr.

c. Forced Convection Corrosion Loops

~ 10-kw stainless steel--one loop systems

(Refs. 2^9 thru 270.) Total operating time 1^,200 hr.

Electrically heated boiler, air-cooled condenser, one

electromagnetic pump, potassium vapor flows through

nozzles, and fixed blades of turbine simulator.

Test loops in two test stands.

~ 10-kw Refractory Alloy--two loop system

(Refs. 230, 233* and 265 thru 270.)

Total operating time 5*000 hr.

Electrically heated boiler, potassium vapor flows

thru nozzles, and fixed blades of turbine simulator,

NaK cooled condenser, NaK rejects heat to air-cooled

radiator outside of environmental chamber, two electro

magnetic pumps. Test loops in two vacuum tanks.

2. Boiling Heat Transfer and Burnout Limit (Refs. 21^+ thru 227)

Electrically heated single tube 316 stainless steel boiler,

air-cooled condenser, one electromagnetic pump.

Total operating time 2,800 hr.

3- Test of electric heater rods and nucleation devices in boiling

potassium, stainless steel capsules 2-in.-diam and 48-in.

long, test heater at bottom and refluxing condenser at top.

Total operating time 85,000 hr.
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k. Rankine Cycle Test Loops

a. Intermediate Potassium System, IPS347

36U-kw stainless steel system, electrically heated boiler,

near horizontal tapered tube condenser radiating to air-

cooled surface, one electromagnetic pump and one Aero-

nutronic MK-1 free turbine driven feed pump. Total operating time

on system was 4,U00 hr; total operating time on turbine pumps

was 3*600 hr.

b. Small Potassium System Wo. 1, SPS-1 (Refs. 2^9 thru 26k)

28-kw all stainless steel system, electrically heated boiler

near horizontal tapered tube condenser, radiating to air-

cooled surface; one electromagnetic pump and one ORWL free

turbine driven feed pump.

Total operating time on system was ir,700 hr; total operating

time on several turbine pumps was 5^0 hr.

c. Small Potassium System Wo. 2, SPS-2 (Refs. 2^9 thru 26k)
28-kw all stainless steel system, similar to SPS-1, except

condenser is vertical and radiates to water-cooled surfaces,

and major portion of system is enclosed in furnace to minimize

trace heated piping. One electromagnetic pump and one Aero-

nutronic MK-2 free turbine driven feed pump. Total operating

time on system was 1100 hr; total operating time on turbine

pump 900 hr. Turbine pump performed boiler feed duty for

300 hr.

5. All Liquid Test Loops

a. Electromagnetic pump test loops237

Stainless steel and refractory metal pump cells; flows to

l/2 gpm and pressure rise to 300 psi to 1500°F. Total

operating time 5*600 hr.

b. Jet pump test loop264

Total operating time 5°0 hr.

6. Single Bearing Endurance Test (Refs. 251 and 252)

Total operating time U,500 hr.



16

Pratt and Whitney Aircraft (CANEL)

Pratt and Whitney Aircraft, having attained a considerable background

in liquid metal technology during work on both the Aircraft Nuclear Pro

pulsion Program (AWP) and the Lithium Cooled Reactor Experiment (LCRE),

started work on the SNAP-50 program at the CANEL facility (Connecticut,

Advanced Nuclear Engineering Laboratory) in May 1962. In 1963* under the

combined SNAP-50/SPUR program, CAWEL was given responsibility for the

lithium cooled reactor system, the lithium pump, the potassium boiler

feed pump, and the condenser coolant pump which circulates WaK. All work

on this program was terminated as of July 1965•

The lithium, potassium, and WaK pumps were to be canned-rotor centrif

ugal pumps with liquid metal lubricated bearings; and the design concepts

of all three were basically the same.271 Design and development of the

lithium pump was started first. Three journal bearings were tested in

lithium for 2100, 110, and over 9200 hr, respectively, at 625°F and up

to 8000 rpm. Wo bearing tests in potassium were reported. A cavitation

endurance test on an impeller, originally designed for WaK application,

was operated in potassium at lU00°F for 350 hr in a cavitation endurance

test under a WASA contract.272

Other potassium technology at CAWEL included corrosion studies of

refractory metals in four thermal convection loops for a total of 12,000

hr.276

Forced-convection boiling potassium heat-transfer tests were conducted

in a serpentine boiler designed for zero-gravity operation. It consisted

of a single, 0.l86-in. ID, Haynes 25 tube with a flow^rate of 25 lb/hr at

up to 1725°F, and was operated for 3625 hr. The potassium was heated by

condensing sodium on the outside of the boiler tube; an electromagnetic

pump and air-cooled condenser were used.274 Two stainless steel two-

liquid forced-convection boiling potassium loops were operated at flow

rates to 30 lb/hr and l600°F for a total of 1292 hr. Heat was trans

ferred to the single tube potassium boiler from a liquid sodium loop.

The system included two electromagnetic pumps and an air-cooled condenser3.75
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Rocketdyne--A Division of Worth American Aviation, Inc.
(Canoga Park, California)

Rocketdyne has completed several potassium-lubricated bearing experi

ments under Air Force contracts since 1962. (Refs. 28l thru 286.)

Three bearing test rigs were operated with potassium lubricated test

bearings.287'288 All three test rigs used an argon turbine to drive the

test shaft and an electromagnetic pump to supply potassium to the bearings.

A full-scale configuration simulating the inertias and support bearings

of a complete turbine-generator was installed in the Simulated System

Test Rig (SSTR), where it was operated with the shaft at several attitudes

from vertical to horizontal. The two General Purpose Test Rigs (GPTR)

were used to test individual bearings to 1200°F and 36,000 rpm. One test

bearing was operated for 710 hr at 950°F and 28,000 rpm. The following

types of bearing have been operated with potassium lubricant in the GPTR

for a total accumulated time of 1600 hr.

Journal Bearing Thrust Bearing

3 pad 900 °F Plain

Tilting pad 400°F Spiral groove

3 section 600 °F

Tilting pad 1200 °F

A 200-kw stainless steel mock-up of a potassium Rankine cycle was

fabricated with in-house funds, and a single-stage turbine wheel sup

ported on potassium-lubricated, hybrid journal bearings and a hydro

static thrust bearing was operated in it for approximately 100 hr.288

Turbine shaft power was absorbed by the impingement of two liquid potas

sium jets on the blades of a Terry pump. The pool-type boiler was heated

with electrical Glo-bar heaters. Total boiling time was approximately

200 hr.

The work discussed above has been completed. Rocketdyne is currently

investigating turbine bucket erosion using steam as the working fluid

under a NASA contract.289
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RESUMES OF MAJOR STUDIES AND TESTS OF

CESIUM SYSTEMS AND COMPOWEWTS

All available design and development work on cesium components and

systems is summarized in this section. Resumes are presented of the

principal studies and tests of each of the organizations engaged in the

cesium work. Table 1 lists these organizations and summarizes the hours

of operation on various systems and components.

Table 2 gives a brief scope of the area of activity for each of

these organizations, while the sections below present the resumes.

Resume of Work Reported in Individual References

References 290, 291--Boiling Cesium Corrosion Test Loop
(Aerojet-General Wucleonics)

Loop Operating Conditions:

Boiler exit temperature, °F I85O

Boiler pressure, psig IU5

Vapor quality, $ 10

Power: to preheater, kw 6.3
to boiler, kw 9-6

Condensing temperature, °F I85O

Condenser exit temperature, °F 7*+0

Cesium flow rate, lb/hr 693

Pump pressure rise, psi 5

Loop Description. (Ref. 291 describes test loop.) The loop, fabri

cated of Cb-r/o Zr, was enclosed in an argon chamber for protection

against external oxidation. The boiler tube was electrically resistance

heated. Heat was removed from the condenser by blowing the argon in the

protective atmosphere across the condenser and then extracting the heat

in a water cooler. The electromagnetic feed pump and flowmeter were

supplied by MSA Research Corporation. The E-M pump consisted of a

specially shaped Cb—1$ Zr tube to which nickel bus bars were "brazed.

Loop pressure was maintained by means of argon cover gas in a storage

tank connected to the liquid leg.
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Table 2. Organizations Concerned with Cesium Technology

D.

Firm

Aerojet-General Nucleonics
San Ramon, California

Erookhaven National Laboratory

Upton, New York

General Electric
Space Power & Propulsion Section
Cincinnati, Ohio

National Aeronutronics and Space
Administration--LeviB Laboratory
Cleveland, Ohio

Westinghouse Astronuclear Lab.
Pittsburgh, Pennsylvania

F. AiResearch Manufacturing Company

Phoenix, Arizona

G. Battelle Memorial Institute

H. Mechanical Technology, Inc.
Latham, New York

I. Mine Safety Appliances
Research Corporation

Evans City, Pennsylvania

J. Oak Ridge National Laboratory
Oak Ridge, Tennessee

K. Pratt & Whitney Aircraft
East Hartford, Connecticut

L. Rocketdyne—Division of North
American Aviation, Inc.
Canoga Park, California

M. Southwest Research Institute

N. U.S. Naval Research Laboratory

Contracting

Agercy

AEC

AEC

AEC

AEC

AEC

NASA

AF

AEC

Reference

Number

290, 291

292, 293

29h

295, 296,
297

298

299

300
thru

305

306, 307,
308, 309

310

311

312

313

31U

Area of Activity

Boiling cesium corrosion loop.

Cesium test loop to obtain boiling heat
transfer and pressure drop data.

Cesium test loop to obtain condensing heat
transfer data.

Measurement of thermodynamic and transport
properties of rubidium and cesium.

Cesium vapor impingement on simulated turbine
blades.

Preliminary in-house deBign study,
report.

In-house

A series of analytical studieB on liquid
metal turbines has been published; includes

cesium.

Design study of pumps, turbines, boilers,
condensers, and radiators for comparison
of cesium and potassium Rankine cycle space
power plants. The study was based on an
assumed higher allowable turbine inlet
temperature for cesium, and concluded that
the cesium system would be lighter and more
reliable and recommended further consideration

of cesium.

In-house design studies only,
reports on cesium.

No published

Measurement of thermophysical properties.

Preliminary investigation. No reports issued-
concluded use of cesium for Rankine cycle vb
potassium should be studied further.

Measurement of thermophysical and transport

properties.

Preliminary investigation. No reports
published.

Measurement of electrical resistivity of

cesium only.

Conceptual design of turbines and bearings.
No published reports on cesium.

Measurement of thermophysical properties.

Measurement of thermophyBlcal properties.
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Test Results. The loop operated for a total of 201U hr. The results

of the metallurgical examination for corrosion and mass transfer are re

ported.290

Operating Difficulties. Typical loop operating problems included

failure of a bearing in the argon blower, malfunction of the actuator on

one liquid metal valve, a leak across the seat of another liquid metal

valve, and malfunction of a liquid level indicator.

Reference 292--Forced Convection Boiling of Rubidium and Cesium
(Aerojet-General Wucleonics)

Loop Operating Conditions:

Saturation temperature, °F lUOO to 1800

Flow rate, lb/hr 50 to 375

Heat flux, Btu/hr ft2 0 to 325*000

Inlet subcooling, °F 0 to 200

Inside diam of test section, in. 0.277

Loop Description. The Cb—Vfo Zr test loop was enclosed in an argon-

filled environmental chamber, 5 X 7 X 6 ft high. The boiler section

consisted of a continuous smooth round tube, electrically heated by four

individually controlled heater sections. Each heater section utilized

a wound tantalum tape insulated from the boiler tube by plasma sprayed

alumina coating on the boiler tube. Heat was removed from the l/2-in.

0D X 20 ft condenser coil by forcing argon gas through an annulus sur

rounding the condenser tube.

Two MSA Research Corporation Style IV electromagnetic pumps were

used as feed pumps. The pumps were arranged in series with an inter-

cooler between them to limit the maximum temperature of the pump cell

to 1500°F. The intercooler consisted of three sections in series. In

each section a nickel cylinder was brazed to the loop tubing and a nickel

tube was brazed to each cylinder. Cooling water could be circulated

through the outer tubes.

Qualitative cesium flow measurement was made with a standard

electromagnetic flowmeter, while precision measurement was made with

a calorimetric flow meter where a known thermal energy was extracted
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from the liquid metal and the flow rate calculated.

The preheater was electric-resistance heated. A flow restrictor

was located before the preheater to reduce flow instabilities. This

restriction was sized to produce a pressure drop equal to that produced

in the boiler test section at maximum design flow rate and quality. The

loop pressure was maintained by argon cover gas in a stainless steel

storage tank connected to the liquid leg.

Test Results. Eighty-one test runs were made with cesium; total

operating time was 2100 hr. Stable pressure and flow conditions were

achieved in all test runs.

Operating Difficulties. A hot spot in the preheater caused insta

bility when the amount of subcooling was less than 200°F; the electro

magnetic pumps produced only 60$ of the rated pressure rise; both the

diaphragm and capillary sections of the pressure measuring devices were

temperature-sensitive.

Reference 293—Forced Convection Swirl-Flow Boiling of Cesium
(Aerojet-General Wucleonics)

Loop Operating Conditions:

Saturation temperature, °F 1^00 to 1800

Flow rate, lb/hr 50 to 375

Heat flux, Btu/hr ft2 0 to 325*000

Inlet subcooling, °F 0 to 200

Inside diam of test section, in. 0.277

Loop Description. The Cb—Vfo Zr test loop was the same as used for

boiling of cesium in a smooth round tube,292 except that twisted ribbon

inserts were added to the boiler section to promote swirl flow. The

boiler section was heated in the same manner as described in Ref. 292.

The pressure at the inlet and outlet of the test section was measured

with stainless steel Bourdon tube pressure gages connected directly to

the loop.

Test Results. The total operating time was approximately 100 hr.

The nucleate boiling results for swirl flow indicate a significant

increase in heat transfer over that for axial flow through a smooth
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round tube. Curves of critical heat flux versus quality are given for

both swirl and axial flow for rubidium, cesium, and potassium to l800°F.

The general conclusion was that rubidium and cesium should not be elimi

nated from consideration as Rankine cycle working fluids because of any

unexpected thermal or hydraulic performance parameters.

Operating Difficulties. A fixed restriction in the boiler feed

line reduced flow instabilities at high flow rates; at low flow rates,

where the pressure drop across the restrictor was small compared to the

pressure generated in the boiler, the flow instabilities were large.

Large flow rate pulsations occurred when the boiler sub-cooling was less

than 150°F.

Reference 29U—Forced Convection Condensing Heat Transfer for
Rubidium and Cesium

(Aerojet-General Nucleonics)

Loop Operating Conditions:

Saturation temperature, °F 1000 to 1^00

Mass flow rate, lb/hr ft? 20,000 to 80,000

Weight flow, lb/hr 17 to 70

Heat flux, Btu/hr ft2 0 to 100,000

Flow passage, ID, in. 0.U02

Orientation Vertical and horizontal

Loop Description. All wetted parts of the test loop, except the

test condenser, were type 316 stainless steel. The boiler consisted of

a single tube surrounded by a NaK jacket. Four sheathed electrical

heaters, immersed in the NaK, supplied power to the boiler. A dryer-

superheater section, made of 60 ft of l/2-in. 0D tubing, electric-

resistance heated, was located at the boiler outlet. The boiler feed

pump was an MSA Research Corporation Style IV electromagnetic pump with

nickel bus bars brazed to a stainless steel pump cell. The test loop

also contained a water-cooled subcooler, flow control valves, a magnetic

flow meter, and a calorimetric flow meter.

The test condenser consisted of two 3-in.-diam X 0A02-in. ID

nickel bars each 8-in. long, connected in series, and separated by a

distance of 2-in. Heat was rejected from the condenser test section 0D
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to air flowing in an annulus surrounding the nickel bars, and in turn,

to a water jacket surrounding the air jacket. Eight thermocouples were

brazed into axial holes in each nickel bar. Test section pressures were

measured by Bourdon tube pressure gages connected directly to the system.

Test Results. Condensing tests were completed for both rubidium

and cesium with the condenser in the vertical position. The condensing

test data are presented in both tabular and graphic form. For the oper

ating conditions listed, the data indicate that condensing heat transfer

coefficients over 20,000 Btu/hr fi? °F can be expected. The total oper

ating time with cesium was approximately 360 hr.

Operating Difficulties. A small leak occurred at a brazed collar

on the subcooler during rubidium tests with the condenser horizontal.

The leak was small, and tests were completed at above atmospheric pres

sures. The leak was repaired, and during subsequent horizontal testing

with cesium, a leak developed between the two nickel condenser sections.

Data taken prior to this leak are presented in the report.

Reference 298--High Velocity Impingement of Cesium Vapor on
Stationary Simulated Turbine Blades

(Brookhaven National Laboratory)

Loop Operating Conditions:

Boiler out temperature, °F 1730

Condensing temperature, °F 1170

Flow rate, lb/hr 90

Vapor velocity at exit of test nozzles,
ft/sec -800

Operating time, hr IO96

Loop Description. The test loop was an all Cb-lfo Zr forced con

vection boiling cesium system. The loop was contained in a vacuum

chamber operated at 10"6 torr. All heat transfer was by radiation.

The boiler was heated by low voltage, high current, tungsten mesh

heaters, and the condenser radiated to an air-cooled surface. A

General Electric helical induction pump was used to supply the boiler

feed. System throttling valves were fabricated of Cb-1% Zr.
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The vapor impingement test section consisted of two parallel diver

gent nozzles and blade sections operating at the same conditions. The

nozzle throat diameters were .072-in. The vapor quality was calculated

to be 80/0 ± 10/o.

Pressure measuring transmitters were fabricated of Cb—1$ Zr and had

tantalum diaphragms. Temperatures were measured with W—5 Re versus

W-26 Re thermocouples insulated with high purity alumina.

Test Results. Stationary blade sections of molybdenum base alloys

TZM and TZC were tested. There was no corrosion or erosion of either of

the test materials after IO96 hr; however, a 1-mil-thick deposit of

columbium was found on each blade. This deposit was believed to be due

to carryover of liquid from the boiler.

It was stated that the vapor impingement tests were originally

scheduled to be run with sodium vapor, but they were changed to cesium,

because Ref. 306 indicates that cesium offers more attractive thermo

dynamic properties. It was also stated that cesium now appears more

attractive because of drastic reduction in cost. Approximate cesium

prices mentioned were $330/kg for smaller quantities and $22/kg in 5000

kg quantities.

Reference 299--Comparison Study of Cesium and Potassium for

Rankine Cycle Space Power Systems
(General Electric Space Power and Propulsion Section)

A preliminary comparison was made of the boiler, condenser, boiler

feed pump, and turbine for 500 kw electrical Rankine space power

systems using cesium and potassium. The turbine data are summarized in

Table 3-

It was stated that the efficiency of the three-stage cesium turbine

approached the efficiency of the six-stage potassium turbine when the

cesium turbine annulus area ratio for successive stages was increased

from the conventional l.k to I.65, and the efficiency of the cesium

turbine could be improved slightly by increasing the rotative speed.
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Table 3. General Electric Comparison Study of Cesium and
Potassium for Rankine Cycle Space Power Systems

Summary of Turbine Data

Turbine shaft output power, kw

Turbine speed, rpm

Maximum blade tip speed, fps

Inlet temperature, °F

Inlet pressure, psia

Inlet superheat, °F

Exhaust pressure, psia

Exhaust temperature, °F

Flow, lb/sec

Number of stages

Static efficiency, fo

Turbine rotor material

Cesium Potassium

500 500

12,000 2^,000

~500 ~900

2100 2100

225 1^5

117 117

15 8.8

1300 1300

9.88 2.62

3 6

78.5 81

TZM TZM

The report discusses the maximum permissible turbine blade tip

speed before erosion can be expected, based on work by 0. G. Engel.*

While the study was preliminary in scope, the following conclusions

were drawn:

Turbine. The cesium turbine can have three stages compared to six

for potassium. Although the three stages were originally determined by

a tip speed limitation, the annulus area ratio would still require three

stages, even if the tip speed restriction were removed.

The blade temperature of the first stage is about 180°F lower for

cesium than for potassium for the same inlet temperature. This may be

the greatest advantage of cesium. It affects the choice of materials

and thus the stress-temperature-time-creep relationship.

*0. G. Engel, Pits in Metals Caused by Collision with Liquid Drops
and Soft Metal Spheres, Journal of Research, National Bureau of Standards,
Vol. 62, p. 229* 1959.
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The potassium turbine has about two percent higher efficiency.

This is owing to the fact that the average tip clearance loss is less

for the potassium turbine. A six-stage cesium turbine could be designed

with the same efficiency, but it would lose its attractive feature of

fewer stages and lower bucket temperatures.

Boiler and Condenser. No significant differences were found in the

cesium and potassium condenser designs. Both units weigh approximately

0.75 lb/kwe and have less than 1 psi condensing pressure rise. The

cesium boiler, however, was found to be heavier and have a greater boil

ing pressure loss than the potassium boiler. The cesium boiler weighs

1.5 lb/kwe and has a boiler pressure drop of 17 psi, whereas the potas

sium boiler weighs 1.1 lb/kwe and has a boiler pressure drop of 11.5 psi.

The proposed material of construction for the boiler and condenser was

T-lll tantalum alloy.

Boiler Feed Pump. It was recommended that the boiler feed pump be

a helical induction electromagnetic type. The cesium pump consumes

more than twice as much power as the potassium pump.

The cesium pump cell would be 22$ smaller than that of the potassium

pump. The heat rejection rate to provide subcooling for cavitation sup

pression is 17$ less for the potassium system.

Reference 300--Turbine Efficiency Versus Work-Speed Requirements
(National Aeronautics and Space Administration)

An analytical investigation of the interacting effects of turbine

specific work output, rotor blade speed, stage number, and efficiency

is presented. The work-speed parameter, \, the ratio of the square of

the mean velocity of the rotor blade to the specific work output, is

used to correlate the other variables. The analysis assumed that the

work-speed parameter would be the same for all stages in a given turbine.

Increasing the number of stages increases the efficiency for a

given work-speed parameter; the upper limit for efficiency is reached

when the work-speed parameter is unity.
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Reference 301--Turbine Efficiency Versus Velocity Diagram Parameters
(National Aeronautics and Space Administration)

This paper presents the development of equations for use in calcu

lating the efficiency of axial-flow turbines in terms of their velocity

diagram parameters.

Reference 302--Cycle Characteristics for Advanced Turboelectric Space
Power Systems

(National Aeronautics and Space Administration)

The relative effects of turbine inlet temperature, turbine efficiency,

radiator temperature, and working fluid on radiator size were determined

for rubidium, potassium, and sodium to 2100, 2300, and 2500°R maximum

temperature, respectively.

The temperature level of heat addition to the cycle should be as

high as practical, as it has a gross effect on radiator area. A 200°F

increase in turbine inlet temperature reduces radiator area by about

30$. For a given turbine inlet temperature, radiator area is more sen

sitive to turbine efficiency than to radiator temperature. A 10$

decrease in turbine efficiency requires approximately a 15$ increase in

radiator area, while a spread of i|00°F in radiator temperature around

the optimum value represents only a 10$ increase in radiator area.

Specific radiator area, defined as the square feet of radiator sur

face required per kilowatt of electrical power output, is a function of

the turbine inlet and radiator temperatures, and radiator area is at a

minimum when the radiator temperature is approximately three-fourths

of the absolute turbine inlet temperature. Fluids with high latent heats

of vaporization will require turbines with higher specific work charac

terized by lower mass flows and more stages than fluids with low latent

heats.

Reference 303--Analytical Study of Turbine-Geometry Characteristics
(National Aeronautics and Space Administration)

An investigation was made to determine the effect of turbine inlet

temperature and working fluid on the number of stages, rotor diameter,

and turbine rotative speed for a Rankine cycle space power plant having
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an electrical output of 1 Mw. Fluids investigated were sodium, potassium,

rubidium, and cesium at turbine inlet temperatures ranging from 2000 to

2600°R and at turbine outlet temperatures equal to 0.75 of the inlet value.

Dry saturated vapor at the turbine inlet was assumed. In addition to

aerodynamic losses, an additional loss in available energy of approxi

mately 10$ was assumed owing to super-saturation of the vapor. The

operating stress in the first stage rotor disk was set at the design

limit for TZM (titanium-zirconium molybdenum alloy), which was selected

for the turbine blade material.

The number of stages increased as the molecular weight of the work

ing fluid decreased. However, increasing the mean diameter of the rotors

from the first to the last stage (turbine tapering) resulted in signifi

cantly fewer stages.

For a given turbine inlet temperature, the turbine stage mean

diameters were found to be nearly equal for cesium, rubidium, and potas

sium, but were much larger for sodium. An increase in the turbine inlet

temperature resulted in l) an increase in the number of stages and a

decrease in blade velocity because of the decreasing strength of the

rotor material, 2) a decrease in blade diameter because of the increase

in vapor density, and 3) an increase in rotative speed because of the

relatively larger decrease in rotor diameter than in blade velocity.

Reference 30^---Parametric Exploration of Axial Flow Turbines
(National Aeronautics and Space Administration) ":-

An analysis was made to determine the effects of variations in

geometric and thermodynamic parameters on axial-flow turbines providing

an electrical output of 1 Mw for space power applications. Geometric

parameters included turbine tapering (that is, changing the ratio of the

mean-section diameter of the last stage rotor to that of the first stage),

stator exit angle, disk taper, the ratio of hub-to-tip radii for the last

stage rotor, and stress level. Thermodynamic parameters included turbine

inlet temperature, turbine temperature ratio, power level, and working

fluid. Sodium, potassium, rubidium, and cesium were investigated at

turbine inlet temperatures of 2300, 2^00, and 2500CR.
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Turbine Taper Ratio. Increasing the turbine taper ratio resulted

in either improved static efficiency or a reduction in the number of

turbine stages. For maximum efficiency, the turbine taper ratio de

creased with an increase in the molecular weight of the working fluid.

The effect of turbine tapering on the number of stages is reduced as the

turbine inlet temperature is reduced. For a fixed number of stages the

last stage mean-diameter remained nearly constant over a wide range of

values for the turbine taper ratio, and the first stage blade height

increased with an increase in turbine taper ratio.

Stator Exit Angle. For maximum efficiency, the stator angle de

creased with an increase in the number of stages. For a fixed number

of stages, an increase in stator exit angle resulted in a decrease in

both rotative speed and Mach number at the last stage rotor exit, and

an increase in the first stage blade height. Over a range of 3 to 12

stages, an exit angle of 70° provided nearly peak stage efficiency.

Reference 305--Alkali-Metal Turbine Geometry as Affected by Blade
Speed Limitations
(Wational Aeronautics and Space Administration)

This study is concerned with the possible need to limit maximum

blade speeds not only on the basis of maximum allowable stress of the

turbine disks, but also to minimize blade erosion and to provide com

patibility with common alternator frequencies.

Turbine geometric characteristics, such as the number of stages,

diameter, and exit hub-to-tip radius ratio, were determined as a function

of blade speed for a 1 Mw power system using sodium, potassium, rubidium,

and cesium at a turbine inlet temperature of 2500°R. Dry saturated

vapor was assumed at the turbine inlet. A turbine temperature ratio of

0.8, a constant blade mean section speed, and a stator exit angle of

70° were assumed for all turbines. Rotative speeds of 8000, 12,000,

and 2^,000 rpm were chosen, so that alternator frequencies of U00, 800,

1000, and 2000 cps could be considered.

Both a single 1000 kw turbine and dual 500 kw turbines in a series

arrangement were considered; a dual turbine facilitates use of a moisture
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separator between turbines. Reaction, impulse, and velocity compounded

turbine types were considered. Reaction turbines generally have higher

efficiency but require more stages. Velocity-compounded turbines require

fewer stages but have much lower efficiencies. Impulse turbines are

intermediate between the other two in both efficiency and number of

stages.

For the same speed, a reaction turbine requires about twice as many

stages as an impulse turbine. For reaction and impulse turbines, the

number of stages is inversely proportional to the square of the blade

speed; while for velocity-compounded turbines, the number of stages is

slightly less than inversely proportional. For example, for an impulse

turbine in a single unit:

Wo. stages

Blade speed, fps

Potassium Cesium

2 10 1 10

900 Uoo 600 200

The blade speed in reaction turbines is about 100 fps lower than

in the other turbine types.

The study shows that it is feasible to design turbines with blade

speeds limited to less than 500 fps.

References 306, 307, 308--Space Power Plant Study
(Westinghouse Astronuclear Laboratory)

This study compares cesium and potassium as working fluids in a

Rankine cycle power conversion system.

Design studies were performed for the turbine, boiler, condenser,

radiator, and boiler feed pump for each working fluid; and the systems

were then compared on the basis of weight and reliability.

It was assumed that the peak operating temperature in the system

would be limited by the creep strength of the TZC-molybdenum base alloy

that was selected for the turbine rotors. (Other studies212'213 have

indicated that the fuel element design considerations would limit the

peak temperature in the cycle.) Cesium has a much lower latent heat
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per pound than potassium, so that fewer stages are required for the cesium

turbine. By using only a few stages in the cesium turbine, the temperature

drop from the first stage nozzle inlet to the first stage rotor becomes

much greater for cesium than for potassium. Accordingly, with the tem

perature of the first stage rotor fixed, the cesium turbine inlet (boiler

outlet) was set over 200°F higher than for the potassium turbine.

The study assumed that a beryllium, or a beryllium base alloy, would

be developed for use in the radiator fins, and the radiator inlet tempera

ture was fixed at 1390°F for both fluids.

The study was conducted for 1 Mw turbine shaft output power. The

total estimated weight of the major components for the cesium system was

3,894 lb and 4,883 lb for potassium (see Table k). The weight advantage

for cesium resulted primarily from the lower radiator heat rejection rate

made possible by the higher availability of heat in the cesium cycle,

which was assumed to operate at a higher peak temperature than the potas

sium cycle. Both cycles use the same radiator temperature.

The study concluded that the power plant using cesium was lighter,

more compact, and more efficient than the power plant using potassium.

The smaller number of stages on the cesium turbine should enhance relia

bility and reduce development problems significantly.

The flow diagram for both working fluids is shown in Fig. 1.

Table k. Westinghouse Astronuclear Space Power Plant Study
Summary of Component Weight

Cesium Potassium

(lh) (lb)

Pump 62 • k6

Boiler 458 277

Turbine 37 89

Condenser 151 180

Radiator 3186 4291

Total 3894 4883
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Lithlura

to-

Reactor

Cs cycle
4140 kw

2540°F
55 psia
40.2 lb/sec

K cycle
4870 kw

2340°F

55 psia
47.2 lb/sec

Cs cycle
2440°F

50 psia

K cycle
2240°F

50 psia

Cs

2340°F
380 psia
100% quality
16.97 lb/sec
340.9 Btu/lb

Boiler

2112°F

200 psi
100% quality
5.1 lb/sec
1258.4 Btu/lb

Generator

Cs

1439°F
34.2 psia
83.5% quality
281.9 Btu/lb

14398F

18.3 psia
84.7% quality
1072 Btu/lb

Cs cycle
1390°F
27.35 psia
117.3 lb/sec
3070 kw

K cycle
1390°F
27.09 psia
148.5 lb/sec
3890 kw

Lithium

to

Radiator

Cs

1405°F

435 psia

pump

Cs

1405°F

30.5 psia

K

1405°F

230 psia

i
i

I
i

i

.J I

Jet

'unip

K

1405°F

17.8 psia

Cs cycle
1365°F

25.09 psila

K cycle
1365°F

25.13 psia

Lithium

from

Radiator

Fig. 1. Cesium and Potassium Flow Diagram for Rankine Cycle Space
Power Plant. (From Westinghouse Astronuclear Laboratory, Ref. 306)
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Boiler. Lithium was used to transport heat from the reactor to the

primary side of the boiler. The boiler flow rates and temperatures are

shown in Fig. 1. A once-through boiler was selected over a recirculation

type. The boiler is of the straight-thru concentric tube type with the

boiling fluid inside the inner tube. Flow swirlers were assumed in both

the tube and the annulus. A flow restriction orifice was assumed at the

entrance to each boiler tube to enhance flow stability.

The 99 literature references, which are part of the study, cover

correlation of critical heat flux, bulk boiling heat transfer coefficients,

and subcooled heat transfer coefficients.

A summary of the boiler data is given in Table 5. Wote the increased

material thicknesses required for the cesium boiler due to the higher

operating pressure.

Turbine. The upper temperature limit for both cesium and potassium

turbines is set by the allowable stress in the first stage rotor. Two

turbine stages were selected for cesium versus seven stages for the potas

sium turbine. A greater temperature drop across the first stage nozzle

in the cesium turbine was interpreted to imply that a higher turbine inlet

temperature was permissible; the higher inlet temperature results in a

higher cycle efficiency. The study proposes that an integral turbine-

generator supported on two cesium lubricated bearings be used with cesium;

the two turbine rotors would be overhung. It is asserted that the seven-

stage potassium turbine generator would require three bearings, with one

bearing located at the high-temperature turbine inlet end of the housing.

The bearing design was not included in the study.

A summary of the turbine design data is presented in Table 6.

As a result of a more recent turbine erosion study by Westinghouse

Astronuclear,309 the design of the cesium turbine blading was altered to

clean up the flow condition at the hub; also, some change in the flow of

cesium through the turbine was considered advisable based on more recent

thermophysical properties.314 These changes do not alter the basic

conclusions of the original space power plant study. Westinghouse

personnel feel that erosion should not be a serious problem for alkali

metal turbines in which the aerodynamic design has been given adequate

consideration.
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Table 5• Westinghouse Astronuclear Space Power Plant Study
Summary of Boiler Data

Heat transferred, total, kw

Weight, lb

Flow configuration

Type boiler

Number of tubes

Tube ID, in.

Average tube length, in.

Tube arrangement

Critical heat flux,
boiling regime, Btu/hr ft2

Peak heat flux, boiling regime,
Btu/hr ft2

Outer tube sheet thickness, in.

Inner tube sheet thickness, in.

End vessel thickness, in.

Material

Material design stress at
temperature, psi

Temperature for 2$ creep in
20,000 hr, °F

Cesium Potassium

4140 4880

458 277

Counterflow Counterflow

Straight thru
concentric tube

Straight thru
concentric tube

161 172

•305 .305

28.6 25.6

Equilateral
triangle

Equilateral
triangle

1.25 x 10s 1.14 X 10s

0.70 X 10s 0.84 X 103

.860 .180

.390 .180

.440 .085

T-222 T-222

4000 9000

2550 2350

Boiler Feed Pump. The boiler feed is supplied with centrifugal

pumps in which the bearings are lubricated with liquid metal. The study

does not include details of the bearing design. It is stated that the

pumps can be mounted directly on the shaft with the turbine-generator,

or they may be driven separately with a canned electric motor. A jet

pump is required to provide adequate net positive suction head at the

pump inlet.

Initially, the pressure rise requirement for the boiler feed pump

did not include the boiler pressure drop. Subsequently, boiler design
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work has shown that an increase of approximately 20$ in the pump pressure

rise is required, and the pump weight has been increased accordingly. The

pump design parameters and operating data are listed in Table "J.

Table 6. Westinghouse Astronuclear Space Power Plant Study
Summary of Turbine Data

Turbine shaft output power, kw

Turbine speed, rpm

First critical speed, rpm

Blade speed at mean diam, fps

Inlet temperature, °F

Inlet pressure, psia

Inlet enthalpy, Btu/lb

Enthalpy at exhaust, Btu/lb

Flow, lb/sec

Exhaust temperature, °F

Exhaust pressure, psia

Number of stages

Turbine rotor material

First stage rotor temperature, °F

Operating stress, psi

Maximum allowable stress for 100,000 hr

rupture, psi

Turbine housing

Cesium Potassium

1000 1000

24,000 24,000

30,750 33,400

6oo 600

2340 2112

380 200

340.9 1258.4

281.9 1072

16.97 5-1

1439 1439

34.2 18.3

2 7

TZC TZC

2016 2060

18,500 19,050

29,000 26,000

T-lll T-lll

Condenser. The condenser data are summarized in Table 8, which

was excerpted from the Westinghouse study. The cesium condenser weighs

151 lb, and the potassium condenser weighs 180 lb. The difference in

weight stems primarily from the difference in heat rejection rates.

The construction material is B-33, a columbium-base alloy.
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Table 7« Westinghouse Astronuclear Space Power Plant Study
Summary of Boiler Feed Pump Data

Head, fta

Head, psi

Flow, lb/sec

Flow, gal/min
1/

NQ 2
Pump specific speed, N =

s wA

Required pump suction pressure, psi

Indicated static pressure, Fig. 1, psi

Impeller outer diameter, in.

Speed, rpm

8j_ , degrees

33 , degrees

Number of diffuser vanes

Fluid pump power, hp

Total power required, hp

Canned motor available power, hp

Critical speed, rpm

Corrected pump weight, lb

Pump weight without drive motor, lb

Pump material, housing, impeller, casing

Shaft

Bearing journal, Kennametal

Bearing stator, Carboloy

Cesium Potassium

480 630

345-8 181.7

16.97 5.1

73.5 55

1008 708

81.5 34.4

30.5 17.8

3.34 3.85

12,000 12,000

7-9 9-1

20 20

7 7

24.3 9.8

27 13

'29 «14.5

13,600 22,100

62 46

7-8 7-9

Cb-1$ Zr Cb-1$ Zr

Mo Mo

K-138A K-138A

779 779

Subsequently boiler pressure drop was increased, requiring
higher pump head.

Requires jet pump to raise NPSH.
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Table 8. Westinghouse Astronuclear Space Power Plant Study
Summary of Condenser Data

Vapor inlet temperature, °F

Vapor inlet pressure, psi

Vapor quality, $

Condensate outlet temperature, °F

Condensate outlet pressure, psi

Total flow, lb/sec

Heat rejected, Btu/sec

Lithium inlet temperature, °F

Lithium inlet pressure, psi

Lithium outlet temperature, °F

Lithium outlet pressure, psi

Lithium flow rate, lb/sec

Overall heat transfer coefficient

Heat transfer area, ft3

Number of condenser tubes

Condenser Weight, lb

Btu

hr-ft2 - °F

Cesium Potassium

1439 1439

34.2 18.3

83-5 84.7

1405 1405

30.5 17.75

16.97 5.10

2913 3685

1365 1365

27.35 27.09

1390 1390

25.09 25-13

117.36 148.5

4000 3770

43.4 58.07

217 169

151.1 180.2

Radiator. The radiator data from the Westinghouse study are sum

marized in Table 9-

As stated earlier, the radiator for the cesium system accounts for

most of the reduction in weight of the cesium system compared to the

potassium system. One problem area stated in the study concerns the

need for a high thermal conductivity joint between beryllium, or beryl

lium-base alloys, and columbium-base alloys. The beryllium would be

used as fin material, and the columbium would be used in the radiator

piping and tubing.
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Table 9- Westinghouse Astronuclear Space Power Plant Study
Summary of Liquid Coolant Radiator Data

Flat Type Radiator

Length (L), ft

No. of tubes

Width (Z), ft

Radiator weight, lb

Pump weight, lb

Total weight, lb

Radiating area, ft3

Meteoroid armor thickness, in.

Cylindrical Type Radiator

Length (z), ft

No. of tubes

Radiator diam (—), in.

Radiator weight, lb

Hardware weight, lb

Pump weight, lb

Total weight, lb

Radiating area, ft2

Meteoroid diam thickness, in.

Heat rejected, Btu/sec

Cesium Potassium

45.2 47.8

80 80

9.44 11.31

244l 3298

220 280

2661 3578

853 1081

0.564 0.594

13.77 17.36

126 118

260 260

2750 3757

138 156

298 378

3186 4291

936 1180

0.476 0.492

2913 3685
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