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FOREWARD

This volume presents, in abridged form, basic information on the state-of-the-art of the

various systems and technologies considered in the selection of a plant concept. Section I

is concerned solely with a discussion of materials, and Section II with a discussion of the

various reactor and power conversion system technologies which were reviewed and used

as reference information during the course of the study.
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I. MATERIALS

A. REACTOR MATERIALS (FUEL-CLAD-COOLANT COMBINATIONS)

FUEL ELEMENT REQUIREMENTS

The design of a reactor for a lunar based nuclear-electric power plant which is to be launched

by 1972, must be based on a reliable fuel element technology which is presently available.

The fuel element technology should be developed to the point where the principal material

and fuel element design problems have not only been determined, but have been largely

resolved. The operating limits of time, temperature and power density must have been estab-

lished by means of irradiation testing, compatibility testing, and corrosion testing at condi-

tions comparable to the requirements of the application. These requirements are essential to

an accelerated reactor development program.

Generally, the simultaneous development of reactor design and fuel element technology has

been attempted in current space reactor programs. Fuel element development has become

the pace setter, and in many cases, the reactor programs are chronologically unbalanced.

The reliability of these systems can be improved, using the presently developed fuel materials,

if the fuel element design is made stronger; or if there is a reduction in the design require-

ments for operating time, temperature and power density. There has been a trend in these

directions since the results of short-term irradiation tests have become available. Long-term

irradiations are in progress, but few have been completed at this time. In this section of the

report, the available data on space reactor fuels technology will be reviewed for the selec-

tion of a fuel fora lunar based power plant.

In the gas-cooled reactor technology, emphasis has been placed on long reactor life for pro-

duction of power using fuel elements operating at high fuel cladding surface temperatures and

moderate or low fuel power densities. Satisfactory performance for fuels and fuel elements has

been indicated for operating times of 10,000 hours in irradiation experiments. The status of

these fuel development programs will also be evaluated, and consideration will be given to the

possibility of using liquid metal coolants with these fuels.

l-l"
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Reliability must be regarded as the major consideration in the selection of the fuel element

concept for a lunar based power plant. The choice of the fuel element for the reactor is

recognized to be one of the most important factors in determining the reliability of all nuclear

power plant systems. A conservative choice of fuel element materials, design, and operating

conditions will permit an earlier attainment of a reliable 10, 000 hr reactor system and still

provide the potential of developing a plant with 20, 000 or 30, 000 hr reliability.

The method of evaluation of the current status of fuel element technologies for the purpose of

fuel element concept selection will be as follows:

1. The approximate range of fuel element requirements will be determined in order to

limit the evaluation to applicable fuel element technologies. Careful consideration

will be given to the relative importance of the fuel element requirements, and to

those changes in an operating fuel element which might constitute an operational

failure of the reactor.

2. The existing fuel element technologies must be searched and evaluated to find the

fuel element concepts which are most likely to meet the above requirements. The

comparison will be made on the basis of the quantity and quality of data from in-

reactor testing of fuel samples and fuel element prototypes; from compatibility test-

ing with the fuel, clad, and coolant materials; and, from basic property measure-

ments. This type of information must be used in lieu of prolonged actual operating

experience with reactors having bulk outlet temperatures above 1000 F.

Before attempting to select a reactor fuel element concept for this application, it must be

pointed out that a lunar reactor power plant must be compact. The upper limit on the core

size is strongly influenced by the effect of core size on radiation shielding weight. The lower

limit is determined by criticality requirement and control problems in a compact reactor.

Another requirement for the lunar based reactor is set by the necessity for radiation.cool ing as

a heat sink for the power conversion system. A lower limit for reactor temperature is ,

determined by the rapid increase in radiator size with decreasing heat rejection '.

1-2
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temperatures. Fuel surface temperatures then must be well above 1000 F. The

upper limit on the fuel surface temperature is probably 2000 F as indicated by the state-of-

the-art of fuel development as described below. Liquid metal coolants are particularly desirable

for a compact reactor because of their high rhenria! conductivities and heat capacities compared

to gas coolants. However, fuel element technologies from gas-cooled reactor programs can be

considered applicable when it is demonstrated that there is no clad-coolant or fuel-coolant

incompatability with liquid metals.

The power density requirements for the initial needs of the lunar based power plant are equiv-

alent to the power-densities used in the gas-cooled reactor programs. With an approximate core

size of 12 to 14 in. and a thermal power of 0. 8 to 1.5 Mwt, the required fuel power density
o

ranged from 0.1 to 0. 4 kw/cm . Extensive, non-accelerated irradiation testing in the gas-

cooled reactor programs at high surface temperatures and at times up to 10,000 hrs are appropriate

for evaluation for this application.

In view of the fact that the proposed power plant will operate on a remote and essentially

isolated site, the most stringent requirement of the reactor core design is for 10, 000 hrs of

maintenance-free operation. This requirement places very rigid demands on the fuel materials

system selected for the reactor core. The most important condition that must be satisfied is that

the system of fuel, cladding, and coorant be mutually compatible in the operating environment

even in the event of a cladding defect. The problems associated with incompatability are

complex functions of thermodynamic and kinetic properties which are best evaluated by means

of engineering tests. The second major requirement is that the fuel elements be capable of

extreme dimensional stability. This is particularly important for compact reactors, since fuel

element swelling may restrict coolant flow or affect core reactivity.

The principal factors to be considered in selecting a fuel material are:

1. Only limited swelling has been previously demonstrated to occur at the thermal

operating conditions of the reactor in irradiation tests.

1-3
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2. The thermal expansion of the fuel up to the operating temperature does not cause

excessive stressing of the cladding.

3. The uranium loading is sufficient to permit criticality of the reactor'in a compact

size. :

4. The technology of fuel material fabrication is soundly based requiring little or no

development effort.

5. The fuel material must be compatible with both the coolant and the clad.

The principal factors to be considered in selection of a fuel cladding are: its mechanical

strength and ductility at the operating temperatures; its compatability with the fuel and coolant

materials; and production, fabrication, welding, and annealing characteristics must be well

defined in order to minimize fuel development problems.

Although the behavior of the fuel and cladding at operating conditions is important, it is equally

vital that certain features be incorporated into the fuel element design. One such feature is

that provision be made for accomodation of gases such as fission products generated and released

during irradiation. Several design principles have proven valuable, such as thick walled or "pressure

vessel" cladding design; large internal void volume; and external pressure on the cladding.

These same principles have been found effective in limiting the diametral swelling of fuel ele-

ments as measured on the cladding. The successful operation of many of the high temperature

fuel element irradiations has been related in most cases to the application of one or more of the

above three design principles. Instances of their application will be noted in the succeeding

paragraphs.

DEVELOPMENT STATUS OF PRESENT FUEL ELEMENT TECHNOLOGIES

The purpose of this paragraph is to describe and report on fuel element technologies for high

temperature reactor systems, with fuel cladding temperatures in excess of 1000 F, which show

potential for application to the lunar based power plant. It is also a status report of six

fuel material technologies. The fuel materials which are considered are UO2~BeO, UO2,

1-4
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DC, U-ZrH, UN, and UC>2-cermets. Twelve high temperature reactor concepts have been

based on these fuels with various combinations of cladding, coolants, and operating tempera-

tures, as shown in Table 1.1.

Irradiation Stability Studies of UO2~BeO Fuels

Studies in the last several years have indicated that dispersion type UO,,wBeO fuels possess

favorable properties for high-temperature, long-duration irradiation utilization. Preliminary

studies have indicated that under irradiation at elevated temperatures, the UO^-BeO fuels appear

to have excellent dimensional stability and retention of fission products. Other advantages

associated with dispersion fuels of this composition, are better neutron economy, improved heat

transfer characteristics, increased thermal capacity, and higher strength. Since it was realized

that the behavior of the fuel would be governed by the fuel particle size, structure, density, and

temperature of operation, irradiation experiments have been performed to analyze these factors. In

the following discussion, irradiation experiments of UO^BeO fuel will be reviewed in the order

of demonstrated reliability, (i.e., the longest duration successful irradiations):

1. At General Atomics an irradiation capsule (MGCR-4) containing eight specimens of

30 v/o DO,, - 70 v/o BeO fuel pellets was prepared and irradiated to study the effects

of fuel particle size on the performance of this fuel. This capsule accumulated

11,700 hours of irradiation during 30 MTR cycl es at full power. A peak burnup of
235 20 3

55 percent of the U (approximately 3. 7 x 10 fissions per cm ; 43, 000 Mwd/ton)
20

was achieved in an integrated fast neutron flux of 1.6 x 10 nvt (E > 1 Mev). During

irradiation the capsule was subjected to 170 thermal cycles and maximum fuel surface

temperatures reached 2000 F. The power density of this experiment was in the
3

range of 0.2 kw/cm .

Each specimen of this capsule was designed to contain an approximate 2.0 in. column

of fuel pellets clad with 0. 015 in. thick Monel. A dense sintered BeO pellet was

incorporated in one end of each specimen to facilitate post-irradiation disassembly.

Each clad fuel specimen was approximately 2. 5 in. long by 0.420 in. in diameter

with a fuel-clad radial gap of 0. 0005 in. to 0. 001 in. as assembled.

1-5
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The fuel pellets of the specimens were fabricated by dry-pressing in a steel die and

subsequently sintering in an atmosphere of 25 percent hydrogen and 75 percent

nitrogen. Following the sintering process the pellets were ground to required dimen-

sions; approximately 0.4 in. in diameter and 0. 5 in. long. The required uranium
235

enrichment of 12 a/o U was obtained by blending natural enrichment UO_ powder

and fully enriched UO,, powder.

Fuel pellets of both fine and coarse homogeneously dispersed UO« in a matrix of BeO

were fabricated. The fine UO- particles were found to be irregularly shaped with

maximum dimensions of about 25u whereas the coarse particles possessed maximum

dimensions of about 150(j. The coarse particles were made by agglomerating very

fine particles.

During irradiation of this capsule, temperatures were controlled by varying the coolant

gas composition and thus thermal conductivity. Helium or nitrogen or a mixture of the

two were continually introduced into a temperature controlling annulus in the capsule.

During post-irradiation examinations, the Monel cladding in seven of the eight

specimens was found to be badly cracked. Examination of the Monel cladding revealed

that a substantial grain growth occurred during irradiation and that the metal reacted

with a graphite sleeve in the capsule. It was believed that under the thermal cycling

conditions, the carbon supersaturated in the Monel and precipitated as graphite

modules in grain boundaries resulting in embrittlement of the cladding.

Visual examinations of the sixteen coarse particle DO- dispersion pellets revealed no

gross cracking or deformation. The sixteen fine particle UO,, dispersion pellets were

all broken into several pieces. Measured dimensional changes of the coarse particle

pellets indicated length increases from 0. 2 percent to 0.5 percent with diameter

increases of from 0. 4 percent to 0. 9 percent. These correspond to a density decrease

of 1. 5 percent to 3 percent.

1-7
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Fission gas release measurements were conducted only on the one specimen on which

the cladding had remained intact. This specimen contained fine particle UO2

dispersion pellets from which the Kr ^ release was measured to be only about 0.1 per-

cent of that generated during irradiation. Metallographically the coarse UO« particles

were found to have remained relatively dense and uniform while the fine DO,,

particle pellets had large grained, severely cracked, and porous structure in the

dispersed UO2 fuel particles.

2. At Aerojet General Nucleonics an in-pile test fuel element sub-assembly (1B-8T-2) was

successfully irradiated in the AGN-GETR loop for 10,150 hours. The purpose of this

irradiation was to study the behavior of an ML-1 fuel element prototype. The power
3

density of this experiment was in the range of 0. 35 kw/cm . This assembly contained

19 fuel pins arranged in a hexagonal array in which the central pin was unfueled, the

inner ring of six pins contained fully enriched UO2 clad with Hastelloy-X, and the

outer ring of twelve pins contained 70 w/o UOo-30 w/o BeO clad with Hastelloy-X.

The fuel pellets of each pin were 0. 176 in. in diameter and were clad with 0.030 in.

of Hastelloy-X. Pure BeO pellets were incorporated at the ends of each fuel pin to

act as reflectors. Spacing in the fuel element assembly was maintained by helically

wound wires wrapped around each fuel pin.

During the first 6415 hours of irradiation, a coolant gas of 99. 5v/oN2+ 0.5 v/o O2

was utilized after which air was used for the final 3735 irradiation hours. During the

entire irradiation, no fission products were detected in the coolant stream. Cladding

hot spot temperatures of 1750°F were experienced with average operating temperatures

being in the range of 1500 F.

Preliminary results of post-irradiation examinations have revealed that the cladding

of three pins cracked during irradiation and that spiral twisting in six pins had occurred.

Negligible swelling was observed. Fission gas sampling of all pins showed that they con-

tained He, Xe, and Kr with small amounts of O2 and H2- The final results of the post-

irradiation examinations of this assembly have not yet been fully reported.

1 - 8 . . . . . . , , .
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3. At Battelle Memorial Institute a program of capsule irradiation experiments was con-

ducted jointly with General Atomics to evaluate fuel materials for EBOR application.

One such experiment (Capsule MGCR-BRR-9) included the irradiation of eight speci-

ments of 70 v/o BeO-30 v/o UCX clad with Hastelloy X. The fuel pellets were

about 0. 388 in. in diameter and were positioned in two separate 1.0 in. long col-

umns in each specimen. The Hastelloy X cladding of each speciment was 0.045 in.

thick by 3.50 in. long.

The fuel pellets in half of the speciments contained fine UCX particles (about 10

micron diameters) in a matrix of BeO, while those in the remaining specimens con-

tained coarse UO« particles (about 150 micron diameters). As previously discussed

for the General Atomics MGCR-4 capsule, the coarse UO« particles were made by

agglomerating very fine particles. All pellets were fabricated by dry-pressing

followed by subsequent sintering in a controlled atmosphere furnace. Sizing of the

pellets was achieved by grinding operations. The required uranium enrichment of

these specimens was 12 a/o of uranium-235.

This capsule was irradiated in the MTR for a total of about 7400 hours. A peak

burnup of about 35 percent of the U-235 (about 28, 800 Mwd/ton) was achieved with

fuel surface temperatures near 1600 + 5 F. The power density of this experiment was

near 0. 25 kw/cc.

During post-irradiation examinations, the fission gases released from specimens con-

taining pellets with fine UGv particles was found to be less than 0. 3 percent of the

total generated, while the pellets containing coarse UO- particles released between

17 and 24 percent of the Kr-85. All specimens were generally broken, however

this condition has been attributed to high thermal stresses within the Hastelloy cladding

during irradiation and to difficulties encountered during post-irradiation disassembly.

Density decreases of the specimens ranged from 2.3 to 4.5 percent.

1-9
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4. At Aerojet General Nucleonics an in-pile test element (1B-8T-1) was successfully

irradiated in the GETR for 6415 hours. The design of this fuel element assembly was

identical to that previously described above for the 1B-8T-2 experiment. The coolant

gas throughout the entire irradiation was 99.5 v/o N_+ 0.5 v/o O~. The estimated

maximum fuel burnup of this element was about 24, 300 Mwd/ton and the peak clad

surface temperatures were in the range of 1600 F. The power density of this experiment
3

was in the range of 0. 35 kw/cm .

Post-irradiation examinations revealed that some twisting in fuel pins had occurred.

The fission gas sampling of each pin indicated that only 1 percent or less of the gases

formed in the element had been released. Examinations of the UO^-BeO pellets dis-

closed that no swelling had occurred with only a slight degree of cracking. Micro-

structural studies of the Hostel loy-X cladding revealed that severe changes had

occurred during irradiation resulting in embrittlement. This embrittlement appeared

to be the result of an unidentified grain boundary precipitate.

5. At the CANEL facility of Pratt and Whitney Aircraft an extensive irradiation test of

50 v/o UOp-BeO has been conducted in support of the Lithium Cooled Reactor

Experiment Program. In this experiment, the fuel was prepared by cold-pressing and

sintering to final dimensions with no grinding required. Densities of 95 percent

theoretical or greater were obtained. The fuel was clad with Cb-1 Zr alloy and was

exposed to 6500 hours of neutron irradiation at cladding temperatures as high as 2000 F.
3The nominal power density of this experiment was in the range of 0.6 to 0.7 kw/cm .

Post-irradiation studies of this test revealed that only about 1 to 2 percent of the

fission gases produced had been released and that swelling was limited to less than

1 percent of the diameter. One deterrent observation in this test was that a high

release of helium (approximately 25 percent of that produced) had occurred.

Other irradiations tests of 50 v/o UO_-BeO conducted at CANEL for shorter durations

have generally shown that:

1-10
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a. Acceptable performance of the fuel clad with Cb-1 Zr might be expected for

2000 hours at maximum cladding temperatures of 2200 F.

b. Irradiation testing for 2000 hours at clad surfaces temperatures of 2300 F resulted

in swelling of greater than 1 percent of the diameter.

c. UO_-BeO is not compatible with Cb-1 Zr cladding at higher temperatures and

. - ... .would require diffusion barriers or cladding liners.

6. Another experiment of UO^-BeO fuel which is of some value is an accelerated :

irradiation of both 70 and 80 w/o DO-in BeO. This experiment was a capsule

irradiation conducted jointly by Battelle Memorial Institute and Aerojet General

Nucleonics in support of the ML-1 reactor fuel evaluation program. The fuel of each

specimen in this capsule was fabricated by cold pressing and sintering into 0.176 in.

diameter by 0. 211 in. long high-density peiiets. Five pellets of either 70 or 80 w/o

UO2-BeO were enclosed in a 0.240 in. OD by 0.030 in. thick Hostelloy-X tubing

under a helium atmosphere. Specimen ends were closed with press-fit and heli-arc

welded Hastelloy-X plugs. Thin-sectioned stainless steel spacers at each specimen

end prevented the pellets from touching the end plugs. A 0.002 to 0.003 in. radial

gap existed between the pellets and cladding in the as-assembled condition. Four

specimens were made containing 70 w/o UOyBeO pellets and two specimens were

. made containing 80 w/o UO^BeO pellets. The six specimens were aligned vertically

.in NaK and sealed in the capsule. .

The irradiation of this capsule (BM1 38-1) was performed in the MTR in an effective
13 235

neutron flux of 1. 2 x 10 nvt. A bufnup of 8. 5 percent of the U was achieved

during about 4000 hours at full, power (equivalent to 8750 hours of ML-1 reactor

operation) with maximum surface temperatures ranging near 1710 F. Average surface

temperatures ranged from 1300 to 1520 F.

Post-irradiation examination of the test specimens revealed that one of the 80 w/o

UO_-BeO specimens had failed through cladding rupture due to a swelling of 16 per-

cent of the diameter. No swelling was detected on any of the other specimens.

1-11

AftAJHAC.



Fission gas released from the fuel varied between 0.59 and 2.7 percent excepf'fdr<""*"!?"

the failed specimen which released about 69 percent. Considerable change was

observed in the microstructure of the irradiated specimens, although subsequent

x-ray diffraction studies did not indicate serious damage to the crystal structure of

• either the BeO or UO-.

Irradiation Stability Studies of DO2 Fuels

There is extensive irradiation testing experience and reactor operating experience using 316

SS clad UOx in a pressurized water reactor. The essential question as to the applicability of

the fuel materials technology developed for the PWRs to an application with higher coolant and

cladding temperatures has not been completely answered. However, the extensive materials

properties and mechanical testing data, as well as the fuel fabrication experience, are definitely

applicable. There is a broad agreement throughout the reactor technology field as to the

advantages and the limitations peculiar to this fuel. It has good dimensional stability under

PWR operating conditions where rhe pressure external to the cladding may be 1,000 to 2,000 psi.

It exhibits a high fission gas release, but the effect of the resulting internal pressurization of

the cladding on the dimensional stability is probably offset by the high external pressure. It

has the lowest thermal conductivity of the six fuels which results in the fuel centerline tempef-

ature having a strong dependence on fuel geometry and power density.

After 10,000 hrs of irradiation atML-1 (Mobile Low Power Reactor) operating conditions, a

fuel element sub-assembly containing six UO^ fueled rods with 0.030 in. thick Hastelloy-X

cladding of 0. 244 in. diameter showed negligible swelling. The maximum surface temperature
^

was 1750 F and the power density was 0.35 kw/cm . Fission gas release was high, but the

cladding thickness and void volume were chosen to accomodate 100 percent release of the

fission gases. The UO,, fuel cracked radially but no operational failure occurred. The coolant

was 99. 5 a/o nitrogen gas at 330 psi pressure.

The AGN group who performed the experiment estimates the fuel element life is 20,000 hrs,

based on the results of this test and several tests of shorter duration. However, an increase of
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the cladding temperature to 1850 F is estimated as the upper limit of temperature of operation

with the present fuel element design at 10,000 hrs operating time. The Hastelloy-X was chosen

for the cladding on the basis of its high stress rupture strength and it corrosion resistance to the

coolant gas. Other alloys tested were Inconel, Inconel-X, lnconel-702, and Hostelloy-N.

A corrosion penetration of 3. 5 mils was observed in the above nitrogen loop irradiation. The

Hastelloy-X and UO2 were found to be compatible to 2900°F. No liner is recommended. The

loss of 50 percent ductility in the Hastelloy-X was found in irradiation tests.

The UO9 fuel pellets were prepared at AGN by cold pressing and sintering to final dimensions

with a 70 percent acceptance level. A one mil tolerance is acceptable on both the diameter

and length. No machining or grinding is required. A three mil radial cold gap exists between

the fuel and clad in the fabricated fuel element.

Over 600 DO « fuel pellets were irradiated at surface temperatures to 1650 F in support of the

EGCR (Experimental Gas Cooled Reactor) fuel development program at ORNL. The reactor design
' • • ' • ' • " 3

power density is 0. 35 kw/cm . The UO_ was clad in 316 SS of 20 mil thickness and the clad

fuel was immersed in NaK liquid metal alloy at 310 psi external, pressure during the irradiations.

Irradiation times up to 4000 hrs have indicated no fuel diameter swelling. The high fission gas

release is accomodated in a large central void in the hollow, cylindrical DO,, fuel pellets.

In-reactor creep rupture tests with 316 SS.shows a sharp drop in strain to rupture. NO incom-

patibility between NaK and UO« was observed.

The MPRE (Medium Power Reactor Experiment) reactor program has selected UO_ clad in 316

SS for the: fuel element, using boiling potassium for coolant. No corrosion problem is found

between UQ,, and potassium although UO« is not compatible with lithium. No catastrophic

fuel element failure is expected if the 316 SS clad is defective and potassium contacts the UO_.

The maximum and average fuel surface temperature in the boiling potassium is designed for

1540 F, with a fuel centerline temperature of 2670 F. The fuel elements are expected to

have a three year life of operation at a 1 Mwt reactor power to a three a/o burnup of the
3

uranium. The average power density for the design is 0. 15 kw/cm . The MPRE program does ,

hot have a fuel irradiation test program at this time.

A I
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The MCR (Military Compact Reactor) has selected UO« clad in Cb-1 Zr as the primary candi-
^ 3

date for its liquid potassium cooled reactor at a power density of 0.4 kw/cm . The alternate

fuel is a 80 v/o UO_-Cb cermet.

The STAR-C (Space Thermionic Advanced Reactor, Convection Cooled) considers UO- fuel

clad in W as the fuel materials for the sodium cooled reactor. The fuel surface temperature is

very high (3600 F)- In-reactor testing is limited. A thermionic converter was operated

successfully in-pile to 240 hr. There is evidence of compatability between stoichiometric

UO2 and W at a temperature of 3900°F for 2600 hrs. However, if the UO« is hyper-

stoichiometric, the compatability is not certain. With sub-stoichiometric UO~ there is a

formation of metallic uranium which has apparently resulted in no compatability problem.

Radiation Stability Studies of UC Fuels

Initial studies of the uranium carbide fuel system in the past several years have indicated that

this ceramic fuel possess favorable properties for high-temperature utilization. Preliminary

studies have indicated that under irradiation at temperatures up to 1800°F, high density

uranium carbide appears to have excellent dimensional stability and reasonable fission gas

retention properties. The principal advantages of UC are relatively high thermal conductivity,

high uranium loading, and compatability with liquid metals. Some conditions that must be

factored into the evaluation of uranium carbides are: (1) the composition, (2) the method

of fabrication (i.e. arc casting or powder metallurgical techniques), and (3) the density of the

fuel. Although uranium carbide has not yet demonstrated 10,000 hr irradiation stability, it

must be pointed out that most of the irradiation testing of this material has been conducted at

accelerated rates (generally greater than 1.0 kw/cm ; as compared to lunar based reactor appli-

cations. Basically, most of the irradiation testing has been conducted by Pratt & Whitney Air-

craft and Battelle Memorial Institute. Other testing has also been conducted by the United

Nuclear Corporation. Following is a review of these studies:

1. At Pratt & Whittney Aircraft the longest term irradiation of UC has been reported.

In this experiment UC produced by powder metallurgical techniques was clad with Cb-1

Zr alloy and was irradiated for 6000 hours with maximum clad temperatures near

2000°F.

1-14
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Pratt' & Whittney has generally utilized pin-type specimens with Cb-1 Zr cladding

and end caps 0..296 in. OD with 0.025 in. thick walls. The UC matrix has generally

; been 0.244 in..OD by 0.65 in. long fabricated, from 10 percent enriched uranium.
3

, The design power densities are 1.5 kw/cm .

The post-irradiation studies of the 6000 hr irradiation showed no measurable swelling

of the fuel pin diameter with a tolerable fission gas release.

In.anqther experiment, DC. A0 clad with Cb-1 Zr with a fuel-clad liner of tantalum
I. (Jo

was irradiated for 2600 hrs at maximum surface temperatures-of 2100 F. The measured

increase of the fuel pin diameter was less than 1 percent and the fission gas release

was approximately four atom percent.

2.

Additional short .duration irradiations of UC have been conducted by Pratt & Whittney
O

in the temperature range of 2000 F to 2200 F at power densities near 1.5 kw/cm .

Studies of these experiments have generally lead to the following conclusions:

a. The extent of densification has a profound influence on the irradiation behavior

of uranium carbides,

b.: Density effects overshadow and are probably much more important than,carbon

composition effects with UC containing 4.8 to 5.2 percent carbon.

c. Low fission gas releases (less than one percent) are attainable from sintered high-

density UC even above 2000°F, although swelling is observed.

d. Fission gas release varies inversely with density in the range 90 to 97 percent

of theoretical density. .

e. Swelling increases with density in the same density range!

At Battelle Memorial Institute the irradiation testing of uranium carbides has generally

been of a research and development nature. Early irradiations of uranium carbides

were conducted for the AEC as .a fuels development program.
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Two capsules (BRR-5 and BRR-6) contained specimens of uranium with 5 w/o, 6.7

w/o and 8. 5 w/o carbon fabricated by arc casting techniques. The specimens con-

tained 10 percent enriched uranium and no claddings were utilized. The bare fuel

was immersed in NaK and irradiated in the Battelle Test Reactor to uranium burnups

ranging from 0. 5 to 0. 7 a/o. The fuel surface temperatures varied from 800 F to

1500 F during irradiation. It was generally found that dimensional changes after

irradiation were less 'ban one percent of the diameter with density decreases of less

than 1. 2 percent. The fission gas release was measured to be only about 0. 3 percent

of that produced.

In another experiment, 12 percent enriched UC clad with 0.030 in. thick Cb-1 Zr

was irradiated to a uranium burnup of 3 a/o. The clad surface temperature during

this irradiation was about 1200 F with centerline temperatures near 2300 F. Post-

irradiation studies of this fuel showed diametral swelling of only one to two percent.

Higher temperature irradiations of DC, ,.„ and UC. ,,- clad with Cb-1 Zr have also

been conducted. These fuel specimens have been irradiated at surface temperatures

ranging above 1 900°F with centerline temperatures as high as 2650 F. Fuel

swelling with excessive fission gas release was observed. In general the following

observations resulted:

a.

b.

UC, no reacts with Cb-1 Zr to form free uranium, causing melting.
I . Uo

UC.. .,. reacts erratically at two a/o burnup with Cb-1 Zr, sometimes producing

free uranium.

UC. ,,. in Cb-1 Zr releases about ten percent of its fission gases after two a/o

burnup at 2000 F to 2200 F. (There is a sharp increase in fission gas release near

2300°F.)

Decarburization of the fuel by lithium sharply increases fission gas release.
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Radiation Stability Studies of U-ZrH

The U-ZrH fuel is being developed'for a set of similar space power reactor cores, the SNAP 8,

2, and 10A (Space Nuclear Auxiliary Power). Its principal advantages are: (1) the fuel is

essentially metallic in thermal conductivity and creep strength, (2) the fission gas'release

rate is low, and (3) it has a built-in moderator for thermalizing neutron energies and for high

prompt negative reactor temperature coefficients.

Its principal problems are: (1) it is thermodyriamically unstable and tends to lose hydrogen at

high temperature, and (2) it tends to be dimensionally unstable during irradiation.

The fuel is a single-phaseternary orquaternary composition of H, Zr, U and C. On the basis

. of atomic fractions/ it is mostly hydrogen. The hydrogen to zirconium ratio is 1.7 H to 1.0 Zr.
O -- ;. - - -" v

It has as many hydrogen atoms/cm as HLO at 450 F. The zirconium to uranium ratio is 24. 2

zirconium atoms to each uranium atom. The zirconium to carbon atomic ratio is 23.7 to 1.0

for the 0.5 w/o carbon quaternary composition (carbon-modified SNAP fuel). ,;i . .,;. .•

The process of the fuel material fabrication is well developed. The extruded.billets.of-..ten

w/o U-Zr alloy are prepared for the hydriding step. Early billets containing approximately

0. 5 w/o C were found to be better for the hydriding process since they did not tend to crack

and they yielded both grain refinement and more equiaxed grains. Subsequent fabrication

development has made it possible to prepare the fuel with as little as 0.15 percent carbon,

but the 0.4 w/o carbon cpmposition was found to be desirable as a result of mechanical testing

and hqs been selected as the composition for the SNAP 8 fuel.

The SNAP 8 fuel.material (unclad) is known to be'*- nstable at high temperatures unless kept in

a gas atmosphere with a hydrogen partial pressure equal to the dissociation pressure of the fuel.

At a temperature of 1500 F, the hydrogen pressure over the fuel with the 0. 4 w/o carbon

composition .must be>117 psia or the hydrogen content will change. At the SNAP 8 peak clad-

ding temperature of 1480 F, a strong, .hermetically sealed cladding is necessary to maintain

•* 1-17
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the core reactivity. The fabrication of a fuel element for the SNAP 8 reactor is under

development at this time. Several high temperature, high strength, super-alloys have been

considered, but all must be used in moderate thicknesses since they have high thermal neutron

absorption cross-sections, and the SNAP 8 is a thermal neutron flux reactor. Present cladding

is only 10 mils thick on a 0.56 in. diameter fuel. The cladding alloy is of Hastelloy-N.

Increases in the clad thickness will reduce the core reactivity in a thermal reactor. The metal

claddings are generally poor barriers for hydrogen permeation, particularly when thin-walled,

because of inclusions in the metal. A glass coating method is being developed for the internal

surface of the cladding which shows great improvement in the ability of the cladding to retain

hydrogen. However, it depends upon structural integrity and continuity of the glass coating,

which in turn depends on the strength of the metal cladding. Hydrogen permeability tests in a

hot-cell facility are being terminated because of mechanical damage during remote handling

operations, and this effect of irradiation on hydrogen permeability is better tested in-reactor.

In addition to the problem of retaining the hydrogen in the fuel element the fuel exhibits

swelling or dimensional instability. The volume increases with the 3/2 power of the burnup,

according to the equation:

exp (-1 2, 000/T) .

where T is the. surface temperature in R, and b is the metal atom percent burnup. At a burnup

of 0. 4 a/o of the total U plus Zr atoms (approximately 10. 0 a/o burnup of the uranium atoms)

at 1300 to 1500 F temperature the diameter was found to increase 4 to 5. 8 percent. At

0. 9 a/o burnup of total metal atoms (22. 5 a/o burnup of uranium atoms) the diameter swelling

was measured to be 11 . 9 to 12.5 percent. Since the irradiation tests were at accelerated burn-

ups, the fuel was held at temperature for a shorter time than if the irradiation were performed
o

at a designed power/density of 0.05 to 0. 1 1 kw/cm . It is possible that the swelling may be

greater at the design power density because of longer time at the high temperature of operation.

An extensive irradiation testing program is planned.

1-18



:.,. Qn_e.-.gf-the basic requirements of.a fuel element is that it have a stable nuclear reactivity.

The effect of hydrogen loss on the reactivity of the. fuel element was mentioned above.

Another effect that is important in this particular fuel is the uranium burnup. For example,

at _1.0,000;hours of operation .at. the same:.fuel power density, the fraction of the uranium load-

ing which is.burned up or fissioned Js eight .times greater than in.the case of UCX fuel. This

is a direct .result of the low.urqnium. loading in.the U-ZrH, .7~ fuel. It has one-eighth the

uranium per unit volume of straight UO^ and onerfourth that of 50 v/o UO^-BeO.

Another consideration that will be studied is the possible relocation of the hydrogen within

an element as a. result of axial or radial temperature gradients. This may have effects on

reactivity, coefficients of expansion, phase transformation, etc. The hydrogen-will tend to

distribute itself in the temperature gradient so that it will have a uniform dissociation pres-

sure and hydrogen thermodynamic activity.

Radiation Stabi lity Studies of UN

The development and. testing of uranium mqnonitride has progressed somewhat slower than for

other fuels... Pratt, and Whitney has doen some development work on the fuel since it is under

consideration as the backup fuel fqr SNAP 50. Battelle Memorial Institute has also performed

fabrication and irradiation studies of this .fuel as a joint effort of the United States and
•

European Atomic Energy Community. UN has a higher uranium density and.a higher themal

conductivity than UC .̂ - Thermodynamic considerations and preliminary tests lead to the

assumption that UN should exhibit fewer.comparability problems with some cladding materials

(i.e. stainless steel) than UC. A discussion of the irradiation testing to date, is as follows:
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1. At Pratt and Whitney Aircraft five irradiation experiments of pin-type UN specimens

have been completed. In these experiments 0.237 in. diameter by 0.65 in. long

pellets of sintered UN were clad in 0.035 ini thick Cb-1 Zr. The uranium enrich-

ments of these specimens varied from 10 percent to 93 percent. The specimens in

each capsule were immersed in liquid lithium during irradiation. It was generally

found that after 1690 hrs of irradiation (to a uranium bumup of 1.1 percent with sur-

face and centerline temperatures of about 2150 F and 2490 F respectively), a

maximum diametral increase of only 0.75 percent was experienced with 13 percent

of the fission gases being released (see Table 1-2). However it is noted that only

five percent fission gas release was experienced at slightly lower temperatures. As

with other fuels,the density of UN appears to affect the fission gas retention properties.

2. At the Battelle Memorial Institute, six capsules, containing two or three specimens

each of isostatically hot-pressed uranium mononitride pellets, were irradiated in the

MTR. The fuel specimens were generally 0.300 in. in diameter, varied in length up

to 1.03 in. had densities from 96 to 99 percent. Some of the specimens were

clad with Type 304 stainless steel and others remained bare. All the specimens were

immersed in NaK in the six capsules. The irradiation parameters were selected to

permit an evaluation of the effect of both fuel bumup and hydrogen formation (from

the N (T> P)C reaction) in the stability of UN. The irradiation conditions of the

six capsules ranged from uranium burnups of 0.13 percentto 3.8 percent and specimen
fr

surface temperatures up to 1150 F with centerline temperatures up to 2300 F.

The results of the irradiations generally showed that UN exhibited good dimen-

sional stability (less than 1.7 percent diametral Increase) and low fission gas

release (less than 0.6 percent). An increase in hardness of about 25 percent was

also detected. Only the most stringent temperatures and burnup conditions pro-

duced definite microstructural changes in the UN. Some grain growth occurred

and a white second phase precipitated near the UN cladding interface. There

was no attack of the UN by NaK during irradiation.
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ĉ-
•

o

i-H
rH

• in
in
DO

O
rH

i-H

in
i-H
1-H
rH

in

^^
m

rH

i-H
•

! rH

<M
rH

O>
en
co
i-H

in
o

. CM
r-t

O
CM
O
rH

CO

*

co
in

•
rH

i-H
•

i-H

CM
1-H

O
cn
CO
rH

m
co
co
rH

in
t-
i-i

in

in
in
rH

CM
*

1-1

CM
rH

O
cn
co
1-H

in
i-H
CM
i-H

O
CO
O
rH

Q)

0)

I
"O

3
o

Ctj

N

O

§
T>
0
co
cti

CSS

CQ

S g
CO P
£H Ss
g O
Q ^

o • 1-1 o
cn en en

O iH i-t
en en en

co co co
cn en cn

CO CO CO
cn cn en en cn cn

o
COa
UT CM CO

PQ
cn
co

oo cn
O O

PQ
o

oJ rt.,
H .̂ 3

^
CO ^
<N (N -CM

H S
oo cn

(N
.1-1-1-1

1-21



srronuGlear

Radiation Stability Studies of DO Cermet
_ 2

A cermet fuel is defined as containing more than 50 v/o fuel phase, and a dispersion fuel as

containing less than 50 v/o fuel. The cermet fuels at Battelle are formed by hot isostatic

pressing using gas pressure. They have experience in forming 80-20 v/o cermets of UO_-

tungsten, DO--molybdenum, UO_-chromium and UO_- stainless steel. Spherical metal-

coated particles of UO9 are the raw material. The metal is coated on the particles by vapor

deposition. They have also prepared UC-molybdenum in 80-20 volume ratio and a cermet of

UN-molybdenum in 80-20 volume ratio- They have formed a 50-50 v/o UO^-tungsten

cermet which has a thermal conductivity at 800 C that is 14 to 15 times better than the thermal

conductivity of DO,-. The thermal conductivity of the 80-20 volume ratio cermet is slightly

less. The density of the UO_-tungsten cermet can be made close to 98 percent of the

theoretical density. The fuel is stronger than a UO_ pellet. It cannot be easily cold-rolled.

By means of hot isostatic pressing, it is possible to clad a cermet fuel; for example, they

have clad UO2-Cb with columbium in a single operation with hot isostatic pressing of the Cb

coated particles. :

The coefficient of thermal expansion of the DO- cermet fuels shows a strong reduction from

the thermal coefficientof expansion of UCX,. This is generally true when the metal phase has

a low coefficient of thermal expansion. The coefficient of the cermet is not predictable

but it is reproducible.

The isostatic pressing temperatures have been to 2800 or 2900 F in order to get 96 to 98

percent of theoretical density.

They have had irradiation experience with UO«- columbium to about 3 a/o burnup.
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DISCUSSION

A representation of the quantity of irradiation testing of the six fuels in Table 1-1 is given

in bar graph form in Figure 1-1. It can be seen that the largest amount of irradiation testing

experience at high temperatures and long duration is with UO^-BeO. Satisfactory perform-

ance was reported at times exceeding 7000 hrs by three laboratories; GA, AGN and BMI.

Fabrication experience with the six fuels is indicated in Figure 1-2. The UCX fuel has been

fabricated in large quantities. The second fuel in order.of fabrication experience is UO?-

BeO. It is presently produced at CANEL (over 8 LCRE core loadings), at GA (over one

EBOR core loading), and at GE-NMPO. Fuel element fabrication with the UO^ and the

UCU-BeOfuel is fully developed, as indicated in Table 1-3, whereas fuel fabrication is

under development for the LL-ZrH with the glass-lined clads, and for the UC with the W

or Ta lined clad.

It is concluded, as a result of the information available on fuel-clad-coolant combinations,

that the most conservative choice of fuel material for the lunar base reqctor is either UO~-

BeO or U(X, if reactor outlet temperatures are from 1200 F to 1680 F.. These fuels are

compatible with liquid K or NaK. The UCL choice permits a smaller reqctor diameter for

the same power level. It is not recommended that a maximum clad temperature of 1800 F

be exceeded in the design of a first generation lunar reactor plant because of lack of long-

term irradiation test data at the higher temperatures.

If a reactor outlet temperature above 1300 F is required, a Cb-lZr alloy cladding should be

selected rather than stainless steels or super-alloys. The strength of the stainless steels is

considered minimal at the maximum cladding temperature of 1500 F required for this outlet

temperature. The super-alloys, although stronger, have shown mass transport problems with

liquid metals which are associated with the nickel and cobalt in the alloys. The Cb-lZr

alloy is compatible with all the liquid metals at high temperatures, and is considered a

conservative choice for use with liquid K at a 1600 F reactor outlet temperature.

A I
1-23



stronuclear

UO2 - BeO 9 Capsules 1600 - 1800 F

UO,

UC

UZrH

UO2CERMET 1 Capsule

UN 1 Capsule

I

5,000 10,000

TIME OF IRRADIATION, (HRS)

20,000

596673A

Figure 1-1 - Completed Irradiation Tests of High-Temperature Fuels
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UO,, - BeO

Y///S//A

U02 CERMET \//y/\

UN

FUEL ELEMENTS

IN-PRODUCTION:
UO2 in 304SS for EGCR

UO2 - BeO in Hostelloy-X for EBOR

FABRICATION DEVELOPED:
UO, - BeO in Cb-lZr (no liner)

UC in Cb-IZr (no liner)

FABRICATION UNDER DEVELOPMENT:
U-ZrH in glass-lined Hastelloy-N

UC in Wor To lined Cb-IZr

UO2 in Hastelloy-X for ML-1

UO2 - BeO in Hastelloy-X for ML-1

UO, - Cermet in Cb or W

UN inCb-lZr

Figure 1-2 - Fabrication Experience with High-Temperature Fuels and Fuel Elements
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The mutual compatibility of the UCX fuel clad in Cb-lZrand cooled by liquid K gives

reasonable assurance of continuing reactor operation in the event of a cladding defect and

will not result in an operational fuel element failure at 1600 F bulk reactor outlet temper-

ature. Table 1-3 summarizes the recommended fuel element materials and suggested design

parameters for the lunar base reactor application.

TABLE 1-3. SELECTED FUEL - CLAD - COOLANT MATERIALS AND

LIMITING CONDITIONS OF OPERATION FOR LUNAR BASE REACTOR

Fuel: UO2-BeO; or UO2

Liner: none

Clad: Cb-lZr of 0.030 to 0.040 in. thickness (depending on diameter)

Coolant: Liquid potassium

Bulk coolant outlet temperature: approximately 1600 F

Fuel diameter: Less than 0.5 in., greater than 0.25 in.

Fue'l to clad, radial cold gap: 3 to 4 mils.
3

Fuel power density: 0. 1 to 0.5 kilowatts/cm

Clad maximum surface temperature: 1800 F

Fuel element and core life: 10,000 hrs.
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- • • • • • B . STRUCTURAL MATERIALS

(COOLANTS-STRUCTURAL MATERIALS-WORKING FLUID COMBINATIONS)

STRUCTURAL MATERIAL REQUIREMENTS

The design of a lunar nuclear-electric power plant must be based upon advanced structural

materials technology/ as well as an available and reliable fuel element technology. A

detailed review of materials activities associated with plant systems and related technologies

was carried out in conjunction with analysis of current materials research and development

programs. While materials requirements associated with Rankine cycle, Brayton cycle,

thermionic, thermoelectric, and MHD systems were explored, it became apparent from the

plant system studies that major emphasis should be directed to the alkali metal-Rankine,

mercury-Rankine, and Brayton systems. Consequently, the state-of-the-art structural

materials survey is essentially confined to these systems. This survey is aimed at delineating

the major constraints imposed by current structural materials technology on plant design and

identifying major development areas.

Potential structural materials are analyzed in terms of their compatibility with the primary

coolants arid working fluids of interest, as well as other environmental factors. Strength,

ductility, and fabricating characteristics comprise the other major criteria for evaluation.

COOLANT-STRUCTURAL MATERIALS COMBINATIONS: REACTOR SYSTEM

As noted previously, liquid metal coolants are particularly desirable for compact reactors

because of their high therrnal conductivities and heat capacities as compared to gas coolants.

In al_kali metal cooled reactors, structural materials for reactor pressure vessels and piping

present a lesser problem than fuel claddings, since the latter must be compatible with the

fuel as well as the coolant. NaK, Li, and more recently K are being evaluated for reactor
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coolants. Lithium is the most corrosive of the alkali metals. However, extensive work at

CANEL has shown that when columbium containing an internal getter such as zirconium is

exposed to purified lithium no significant corrosive attack occurs at temperatures up to at

least 2200 F (Reference 1). A pumped Li loop constructed of Cb-IZr operated successfully

at a 2000 F hot leg temperature for 10,000 hours (Reference 2). No metallic mass transfer

deposits were observed anywhere in the loop. Successful utilization of refractory metals for

Li containment is predicted upon prevention of oxygen contamination during fabrication and

welding, and prevention of contamination from the environment during loop operation.

However, the techniques required for handling refractory metals have been developed and

are now well established. While Li may be successfully contained in Cb-IZr and other

refractory metal alloys, use of Fe, Ni, and Co base alloy is limited to temperatures below

1100 F because of serious solution corrosion and mass transport problems (Reference 1).

While there is considerable less corrosion data in potassium than lithium, data have indicated

good resistance of gettered refractory metals to potassium at temperatures up to at least

2200 F. Tests at ORNL with boiling K natural circulation loops have shown essentially no

attack of Cb-IZr at 2000°F for times up to 3000 hours. Similar tests at 1600°F with 316

stainless steel, Haynes 25, and Inconel have also shown good results. A pumped boiling

potassium Cb-IZr loop is also in operation at 2000 F at Oak Ridge. Extensive studies of

potassium corrosion are in progress at GE - Evandale, NASA-Lewis, CANEL, and many

other laboratories, and much additional data will be available in the near future.

Extensive corrosion data for Na and NaK are available for a large number of high temperature

materials, including stainless steel, nickel and cobalt base alloys, and refractory metals.

While these data will not be reviewed here, a summary of the data may be found in

Reference 3. Generally, NaK is compatible with most high temperature structural materials,

provided oxygen levels are maintained below 100 ppm.
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For the reactor system, structural materials are available with sufficient corrosion resistance.,

to be utilized at temperatures up to at least 2000 F. Based upon demonstrated corrosion

resistance the refractory metals are most attractive for this application. The'Cb-IZr alloy

has had extensive development and is available in all mill shapes. It is easily fabricable

and processing techniques are well defined. Long time creep data for Cb-lZr in a potassium

environment are not available; however, data for Li have been obtained by GANEL '

(Reference 4) and these data should be valid for K. However, one area in which data are

required is in irradiation effects on reactor pressure vessel and piping materialand in par-

ticular the effect of simultaneous irradiation and creep. To reduce reactor size and "weight,

and particularly to permit reactor control by an external reflector, the pressure vessel of a

fast spectrum power reactor must be thin, and is, therefore, highly stressed. Because it must

operate at reactor inlet temperature or higher, it is in the temperature range where creep

effects limit the design. Long term testing will be necessary to give assurances that secondary

creep rates and time-temperature stress correlations determined in the absence of radiation

are still valid for the design of these fast reactor vessels.

From the standpoint of compatibility of the coolant with the structural and fuel cladding

materials, the Brayton cycle presents a less serious problem. However, to be competitive on

a weight basis with Rankine cycle systems, Brayton cycle requires relatively high reactor

operating temperatures. This in turn requires the use of a refractory metal fuel cladding

because of fuel compatibility problems. While the use of argon, helium, xenon or, other

inert gases in the Brayton cycle presents a much less serious corrosion problem, it should be

pointed out that in the use of refractory metals in a Brayton cycle system the impurity level

of the inert working fluid must be kept low, particularly with respect to (X, "N^/-" CO and" •

CO9. Contamination of the structural materials by oxygen, nitrogen, and carbon'cah have

a serious embrittling effect. Thus, in any analysis of a Brayton cycle system the problems

encountered in achieving and maintaining low impurity levels in the inert working fluid must

be analyzed in some detail. The permissible tolerance for impurities in the working fluid

must be determined by experimental evaluations.
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WORKING FLUI.D-STRUCTURAL MATERIALS COMBINATIONS: POWER CONVERSION
SYSTEM

The corrosion and mass transport problems involved in a Rankine system may be expected to

be more severe in the power conversion area. This arises from the fact that larger AT ' s are

encountered in this area, and more basically, because of the use of a two-phase system

rather than a single-phase liquid system in the power conversion loop. In a two-phase system

the working fluid is being distilled in the boiler so that there is a continuous supply of unsatu-

rated vapor (that is, unsaturated with respect to the containment materials) available in the

condensing areas of the system to accelerate corrosive attack. The erosion of nozzles and

blades in the turbine area also presents an additional problem in the power conversion loop

which is not encountered in the reactor coolant system. Despite these problems the corrosion

data noted previously on potassium have included refluxing capsule tests, and natural circu-

lation loops. The ORNL studies have shown no evidence of mass transport in a 2000 F

Cb-lZr potassium loop. While a similar pumped loop is in operation at Oak Ridge, testing

has not been completed so that information on mass transport in this system is not available.

Another problem encountered in the power conversion system involves the use of dissimilar

metals and the resultant interaction effects on corrosion and mass transport. It is inevitable

that dissimilar metals will be required in this system because of the necessity for highly

stressed turbine components and bearing materials. In the SNAP 50 SPUR System, for example,

Cb-lZr will be used as the container material, but molybdenum TZM is planned for the turbine.

However, under this program, capsule compatibility tests of Cb-lZr and Mo-TZM have been

conducted with no evidence of any significant corrosion effects or transport problems. More

detailed studies are required of transport phenomena in dissimilar metals systems to explore

the effect of such things as interstitial migration from one material to another, and its resultant

effect upon properties. The data available at the present time indicates, however, that the

use of a potassium Cb-lZr system appears to be quite promising. More detailed data on
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erosion effects and transport phenomena are to be expected in near future from the SNAP 50

SPUR Program and the General Electric turbine program being conducted under contract

MAS 5-1143.

A detailed investigation of materials for mercury containment in the temperature range of

1000 to 1300 F has been conducted at NASA-Lewis. The materials examined included

austenit.ic stainless steels, semi-austenitic stainless steels, martensitic chromium steels

including 400 series stainless steels, cobalt base alloys,: refractory metals alloys, and nickel

base alloys. Tantalum and the columbium 1 percent zirconium alloy showed no measurable

penetration for times up to 2000 hours, the limit of the test run to date. The martensitic and

low alloy steels were the next best in corrosion behavior for test times up to 5000 hours.

However, these materials showed several mils penetration after test. The remaining materials

tested showed considerable more corrosive attack than the martensitic and low alloy steels.

The results indicated that the corrosion by mercury was directly related to the total percentage

of mercury soluble elements present in the alloy. These reflex capsule tests cannot, of course,

simulate behavior in an actual system for the effects of the corrosion products on systems com-

ponents. However, these data indicate some likelihood of corrosion problems in two phase

mercury systems constructed from materials other than refractory metals.

In the power conversion system the mechanical properties of construction materials impose

a major constraint on the designer particularly in the turbine area where creep and fatigue

are extremely important parameters. Mechanical property data in the working fluid environ-

ment are important for design purposes, but in general, data in this area are quite limited.

However, some preliminary creep and fatigue data have been conducted by BMI for their

research under the SPUR program. The effect of potassium vapor on the properties of the

Mo-0.5 percent Ti alloy was determined at 1800 and 2000 F for stress levels ranging from

25,000 to 60, 000 psi. These tests conducted for time periods somewhat less than 1000 hours

indicated no difference between tests conducted in potassium vapor versus those conducted

in vacuum.
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Axial fatigue tests of this alloy were also conducted in potassium vapor in temperatures of

1500 and 2000°F. Peak stress ranged from 31,500 psi to 100, 000 psi with a load ratio of

0.95. These data, while preliminary in nature, indicated a very substantial reduction in

the endurance limit of this alloy in potassium vapor versus data obtained in vacuum or an

inert atmosphere. '•-

Flexure fatigue tests were also conducted onCb-lZr sheet in liquid potassium and lithium.

Testing was done at 800 F for potassium and 1600 F for lithium with peak stresses of

27, 000 psi to 49, 000 psi for potassium and 20, 000 to 30, 000 psi for lithium under reverse,,

bending conditions. Endurance limits of 27, 000 psi at 800 F for potassium and.,20,;000 psi.

for 1600 F lithium were established on the basis of limited data. - : v

. . . , > : ; • : • ••>"". . ": •- '• -':"•• '-•'•: -

Much more detailed testing is required to adequately establish the fatigue characteristics

of materials intended for rotating components in the power conversion system. Because of ;

the known dependence of surface characteristics and surface effects on endurance properties

and materials, environmental effects on fatigue characteristics may be expected. For most

of the components of the power conversion system including the boiler, primary piping,

condenser areas, materials (such as Cb-lZr), appear to have satisfactory strength and

corrosion properties. .Data available at present also indicate that austenitic stainless steels

and cobalt base alloys may also serve satisfactorily in these areas at relatively low system

temperatures, that is temperatures under 1600 F.

In the turbine area the molybdenum base alloys appear to be very attractive from a strength

standpoint, however, available creep data on these alloys are limited to times on the order

of 1000 hours. Much more extensive creep testing is required to assess the design properties

of these alloys for longtime use in rotating components. :Long time vacuum creep tests of

potential refractory metal containment materials are .currently/in progress at NASA-Lewis.
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A parallel creep program on potential turbine materials is being conducted under NASA

sponsorship at TRW, contract number NAS 3-2545. These programs will provide detailed

creep information on advanced refractory metal alloys under carefully controlled environ-

mental conditions.

Materials for liquid metal lubricated bearings present a major development area. A number

of active development programs are in progress on bearing materials and in bearing test

programs. A successful bearing test of 710 hours duration was reported by Rocketdyne. The

bearing was tested in potassium with lubricant temperatures as high as 950 F at a speed of

28,000 rpm. An endurance test was made with a titanium carbide journal bearing and a

shaft of Mo-0.5 percent Ti flame-plated with tungsten carbide. An extensive bearing

material survey is also in progress at General Electric Evandale under NASA-Lewis sponsor-

ship. Under this program a large number of potential bearing materials are being tested in

potassium. Bearing studies are also in progress at AiResearch under the SPUR program. An

initial test of the Mo-TZM-tungsten carbide combination at 250 hour duration has appeared

very promising. Several potassium lubricated bearing rigs are currently in operation at

AiResearch and materials compatibility data are being developed. Hydrodynamic bearing

tests have also been conducted at Pratt and Whitney CANEL in lithium using titanium

carbide and tungsten carbide combinations.

Friction and wear tests in potassium are also in progress at CANEL. These tests involve

solid discs and shoes which are deadweight loaded at loads of at least 300 psi at temperatures

of 700 and 1000 F. The materials being investigated include Cb-lZr, Mo-0.5 percent Tu

and Ta-8W-lZr, Tantalum 8 Tungsten 1 zirconium. A number of cemented carbides and

plasma spray carbide coatings have provided good results in initial tests. The bearing area

still remains one which requires more detailed materials evaluation.
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II. PLANT SYSTEMS AND TECHNOLOGIES

A. LITERATURE SURVEYS AND PROGRAM BRIEFINGS

To assure that data utilized on the state-of-the-art of applicable systems and technologies

was as up-to-date and accurate as possible, the project undertook a literature survey of the

latest documents available on government funded nuclear power system and technology pro-

grams.1 Emphasis was placed on those nuclear power systems and technologies being developed

for space application. These compact system technologies most nearly neet the general

requirements demanded in a lunar nuclear power plant.

To develop a detailed compilation of data in those areas of major importance, a series of

meetings were held with government agencies and major contractors involved in various

phases of the development of reactor systems. This phase of the program involved some

twenty-five to thirty individual meetings and discussions. The major review sessions are

listed in Table 2-1, to provide a general indication of the areas of technology considered

in detail during Phase I of the study program.

Table 2-1

1. Lewis Laboratories, Cleveland, Ohio—Review of NASA space power system pro-
grams

2. Atomics International, Canoga Park, Calif.—Review of SNAP 2, SNAP Sand
-• SNAP 10A systems and technology

3. Aerojet General, Azusa, Calif.—Review of SNAP 8 power conversion equipment

4. Atomics International—Meeting at NASA, Washington, D. C.—Atomics Inter-
national briefing on SNAP 8 adapted to the lunar environment

5. AEC, Germantown, Md. —Review of development programs for SNAP reactor sys-
tems

6. Pratt & Whitney (CANEL)-Meeting at OCE, Washington, D.C. -Review of SPUR/
SNAP 50 adapted to the lunar environment

7. Pratt & Whitney (CANEL)-Review of SPUR/SNAP 50 technology (AiResearch
personnel present)

8. Aerojet General, San Ramon, Calif.—Review of ML-1 and advanced gas cooled
reactor - Brayton cycle systems
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9. Aerojet General (San Ramon) and AiResearch (Phoenix)—Meeting at OCE,

Washington, D. C.—Review of 100 kwe direct cycle gas cooled reactor - Brayton

cycle study

10. AEC, Germantown, Md.—Review of MCR program

11. General Motors, Allison Div., Indianapolis, Indiana-Review of MCR reactor plant

program

12. Thompson-Ramo-Wooldridge, Cleveland, Ohio-Review of SUNFLOWER, SNAP 2

mercury turbine technology

13. General Electric, Evandale, Ohio—Review of potassium turbine and liquid metals

work

14. Oak Ridge National Laboratory—Review of direct cycle boiling potassium reactor

program

15. General Electric, Vallecitos, Calif.—Review of thermionics systems (STAR-R,

STAR-C, etc.)

16. Los Alamos Scientific Laboratory—Review of thermionic system technology

17. RCA (Lancaster, Pa. - with Harrison, N. J. personnel)—Review of thermionic

system technology

18. Martin Co. , Baltimore, Md.—Review of thermionics and thermoelectric systems

19. Battelle Memorial Institute, Columbus, Ohio-Review of reactor fuels technologies

20. Westinghouse, Atomic Power Division, Pgh., Pa.—Superheat water reactor systems

21. Boeing Co., Seattle, Wash.—Meeting at OCE, Washington, D. C.—Boeing mid-term

and final report briefings

Obviously it is not possible to discuss in a summary document all or even a major portion of

the information gathered during the course of an extensive state-of-the-art review. Each area

of technology or major system under development would in itself require many volumes to

describe, and such detailed information is best provided by the individual government agencies
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and contractors involved. The intent of the following summary is to provide very basic state-

of-the-art information covering three general areas listed in Table 2-2:

Table 2-2 .. . -

1. Objectives of each program

2. Current technical status of work

3. Current development program arid schedule (where applicable)

The salient points concerning each approach to plant design which were fundamental to

concept selection are evaluated in Section 11-B, Part 2 of Volume II. The information con-

tained in the following pages is solely the framework of factual background information on

which this evaluation is based.

The discussion of the systems and technologies considered is presented on the.basis of the

type of power conversion cycle utilized. Within this framework, major system development

programs are discussed first and then specific programs in related areas of technology.

It will be noted that data presented in some areas of technology are far more detailed than

in others. Where certain areas could be eliminated quickly for the lunar application, ber

cause it was apparent that major points (such as developability by 1972) made further con- .

sideration unnecessary, no further time was devoted to detailed information gathering. For ,

Phase II it may be necessary to develop more detailed information in certain.specific areas,

as a part of the basic problem of detailed evaluation of system growth. . This is, however,

not currently anticipated.
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B. THERMOELECTRIC POWER SYSTEMS STATE OF THE ART

The use of semiconductor thermoelectric materials in electrical power generation devices is

established and useful proven thermoelectric materials are available to cover a temperature

range from normal room temperature to 1600 F. Such thermoelectric devices can expect

10,000 or more hours of use without maintenance—with less than 10 percent degradation.

At nuclear heat source temperatures of 1200 F, the specific power output of thermoelectric

conversion systems can be expected to be of the order of 3 watts/lb. This number does not

include the weight of the nuclear heat source and its shielding.

INTRODUCTION

Understanding and use of the emf (thermoelectricity) generated in two dissimilar electrical

conductors in contact in the presence of a temperature gradient along the conductors dates

from the early 19th century (Reference 1). In the late 1950's in the U.S.A. (Reference 2),

and somewhat earlier in the USSR (Reference 1), a substantial research effort was expended

in an effort to discover and develop improved thermoelectric materials. A sampling of U. S.

Government contracts in the area of thermoelectrics are listed in the References and List of

Government Contracts.

In general, the government-sponsored thermoelectric materials research program took the form

of an investigation of many combinations of materials from the periodic table of elements.

The evaluation of these combinations was primarily in terms of the thermoelectric parameter

ZT, as well as of other properties such as stability and strength which make a material ulti-
2

mately useful. The parameter ZT. = a /kp T. is the fundamental one by which thermo-

electric materials are evaluated, where:

a is the Seebeck emf coefficient of the materials

k is the thermal conductivity of the material
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1

is the electrical resistivity of the material

is the thermocouple hot side temperature

The importance and singular value of this parameter as a criterion of thermoelectric materials

is illustrated by the well known approximate equation for maximum efficiency in thermo-

electric power generation (Reference 1).

max arnot

m
m + 1

7j carnot
2 (m + 1)

(1)

where

max

m

is the maximum power generation efficiency

carnot is the efficiency of a Carnot (ideal heat) engine operating between

the same hot and cold temperatures as the thermoelectric device

is the ratio of external load resistance to the thermoelectric device

internal resistance (user's choice in general)

Present theory of thermoelectric materials does not allow an upper limit to be set on the

value of ZT. By the middle of 1961, however, after literally hundreds of materials had

been investigated, a semi-emperical upper limit of ZT 1.0 was postulated by Dykstra

(Reference 3) making use of the work of others (References 4 to 12). Some present day

materials yield a ZT > 1.0 near the material liquidus temperature. This is not a practical

condition for use, however.
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STATE-OF-THE-ART

Useful Materials

Thermodynamic Performance

Although literally hundreds of materials have been investigated, only a few have been widely

used. Useful materials are available to cover, an operating temperature range from about

room temperature to 1600°F. No single material can best cover the entire range. For best

results, materials must be selected with reference to the temperature range. of operation.

Figures 2-1 and 2-2 give values of the differential efficiency, £ (T), as a function of

temperature for the most widely used materials (Reference 13). The quantity of £ (T) comes

from using the thermoelectric efficiency equation in the form

>l max

where £ (T) = - ~- (3)
/I + ZT -1

As can be seen from Figures 2-1 and 2-2, to obtain ideal maximum thermodynamic perfor-

mance with a large hot to cold temperature ratio, several materials must be used in series in

a single thermocouple leg, or several thermocouples staged in series thermally. Experimental

units incorporating these ideas have had modest success.

In the case of several materials in a single couple leg, the contact resistances and/or

structural problems with materials of differing thermal coefficients of expansion usually

cancel any improvement. In the case of thermally staged or cascaded thermocouples, the

thermal interface temperature drops usually cancel out the performance improvement that

would be expected on the basis of material parameters alone (Reference 14). The end
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result of these difficulties is that, while over-all thermal efficiencies of thermoelectric

devices can approach 20 percent as an ideal, actual efficiencies seldom exceed 10 percent

and 5 percent or lower is more common. For example, the over-all thermal efficiency of a

lead.felluride, in-leg, germanium bismuth telluride, p-leg> thermocouple operating between a

hot side temperature of 723 K and a cold side temperature of 307°K was measured as 7. 8

percent (Reference 20). A representative efficiency of germanium-silicon thermocouples

operating at the same hot and cold temperature is 4. 1 percent (Reference 15). It should be

pointed out, as a thermodynamic consideration, that the proper temperatures of use for

germanium-silicon are higher than those selected for this example.

; Limitations in Use of Thermoelectric Materials

Aside from the limitations on the use of the various thermoelectric materials from thermo-

dynamic considerations, limitations of other kinds exist.

The bismuth telluride materials, (Bi, Sb)o Teo ̂ -and Bio (Te, ,Se)o are generally useful

(aside from thermodynamic considerations) only at temperatures below those most attractive

for use in space, because they have a tendency to vaporize and/or soften badly above 600 F.

Gold antimony bismuth telluride (Au Sb.Bi Te_ _) can be used to slightly higher tempera-

tures (800°F) before difficulties with electrical contacts become prohibitive, but this is

still too low a limit on device top temperature to make full use of nuclear capability even

today.

The lead tellurides, both n and p types, are attacked by atmospheric oxygen, as is germanium

bismuth telluride. These materials must be enclosed in an inert atmosphere. Germanium-

silicon is insensitive to oxygen attack (Reference 15), as are the bismuth tellurides in their

proper operating temperature regimes.

The maximum useful temperature — s e t by vaporization and metallic conductor materials

compatibility difficulties — is about 950°F for germanium bismuth telluride and perhaps
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1050 F for the lead tellurides. Germanium-silicon also is reported to have compatibility

and/or contacting problems with metallic conductors above the 1050 F level (Reference 16).

Vaporization of germanium-silicon is not a problem at such a low temperature, so it can be

used at higher than 1050 F hot side temperatures by using a germanium-silicon material as

the hot side conductor (Reference 16). Since germanium-silicon is a semiconductor, its

high electrical and thermal resistance prevents obtaining full germanium-silicon potential

from a couple constructed in this way.

Good metallurgical bonds can be obtained between selected electrical conductors and n

type lead telluride, the bismuth tellurides, germanium bismuth telluride, and germanium-

silicon. The p type lead tellurides appear to be limited to pressure type electrical contacts.

The n type lead tellurides and germanium bismuth tellurides function better if the metallurgical

bond is kept in compression.

The lead tellurides and germanium bismuth tellurides have very low ultimate tensile strengths

of a few hundred to perhaps several thousand psi, depending upon temperature and material.

These materials are brittle and exhibit little (if any) reduction before fracture (Reference 17).

Because of their low strengths and brittleness, these materials must be well protected against

stress or mechanical shock when used.

The tensile strength of germanium-silicon is reported to be in excess of 5000 psi (Reference 16).

This allows the use of the material as a part of device structure.

None of these thermoelectric materials suffer important damage from nuclear radiation at

levels likely to be encountered in use (References 18and 19).

Life Expectancy of Thermoelectric Materials

Properly applied, all of the thermoelectric materials commonly used give long mean times

to failure and low degradation with operating life.
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Germanium-silicon materials operated at a hot side temperature of 900: F to a cold side

temperatue of 615 F show less than 10 percent degradation in 10,000 hrs life (Reference 21).

In addition, the failure rate on acceptance testing is less than 1 per 1000. Germanium-

silicon materials have also been operated at hot side temperatures of 1500-1600°F and cold

side temperatures near room temperature for upwards of 5000 hours with a moderate number

(about 45) of thermal cycles with less than 5 percent degradation (Reference 15).

Thermocouples of p type germanium bismuth telluride and n type lead telluride can be

operated between 932 F and 302 F hot to cold side temperature with 100 thermal cycles,

with 5 percent degradation in 5000 hours. At the same operating temperatures and 250

thermal cycles, degradation approaches 20 percent (Reference 22). With these materials,

at least, degradation tends to be more a function of thermal operating cycles than total

operating time. At 850 F hot side and 120 F cold side,

in 10,000 hours and 100 thermal cycles (Reference 20).

operating time. At 850 F hot side and 120 F cold side, degradation is less than 10 percent

Present Day Devices

Genera]^

Almost all thermoelectric conversion devices have been built for small electrical power .

output. The maximum size device reported is one of 5 kw electrical output (Reference 23).

Most devices developed have been under 100 watts electrical output. Current operational

space thermoelectric devices are radioisotope-fueled, such as the 2. 7 watt generator in the

Transit IVA satellite and the 25-watt SNAP 9-A (Reference 2). Specific output of these .

isotope generators is about 1 watt per pound including the'isotope and nuclear radiation

shielding.

The most prominent reason why larger thermoelectric conversion systems have not been built

is that competitive generation systems become lighter and more efficient than thermoelectric

in the larger sizes.
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Two thermoelectric systems characteristic of the present state of the art, the SNAP 10A

and a 27.6 watt portable heating and ventilating unit built for the U.S. Army Natick

Laboratories are described below. These are existing devices in which the thermocouples

are distributed along the cold side heat transfer surface. The SNAP 10A is included

because it could be the forerunner of other germanium-silicon thermoelectric nuclear con-

version systems. The portable heating and ventilating unit developed by Pouchot (Reference

25) is included because it illustrates the technology of lead-telluride n leg, germanium

bismuth telluride p leg thermocouples.

Another possible type is one in which the thermocouples are closely packed together and

heat is conveyed from the thermocouple cold side to the ultimate cold side heat transfer

surface by some fluid medium. This type is also used to illustrate lead-telluride p and n leg

technology. A brief parametric study was done on this type in lunar plant size, using data

from an actual module of the kind as a base.

SNAP 10A

Most of the information on the SNAP 10A power conversion system is taken from Reference

24. The SNAP 10A is scheduled for orbital flight-test demonstration in 1964 and its

development status is well along. Nearly all components have been flight-qualified and

reliability tests are in progress or completed. Integration with the Agena D flight vehicle

is progressing.

A summary of some of the more important conversion system parameters is presented in

Table 2-3.

A brief schematic of the SNAP 10A conversion system is given by Figure 2-3 and an

artist's conception of the physical assembly in Figure 2-4.
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TABLE 2-3

SNAP 10A CONVERSION SYSTEM PARAMETERS

Electrical Power, minimum

Conversion System Weight (without reactor, shield, etc.)

Design Life .

Radiator Area

Over-all Length (including reactor)

Mounting Base Diameter

Hot Side Heat Transfer Fluid

Hot Side Heat Transfer Fluid Flow Rate

Conversion System Inlet Temperature

Conversion System Outlet Temperature

Average Radiator Temperature

Thermoelectric Material

Design Load Voltage

Over-all Thermal Efficiency

Average Hot Side thermocouple Temperature

Average Cold Side Thermocouple Temperature

500 watts

506 Ibs

1 year

62.5ft2

130 inches

50 inches

NaK-78 .

4920 Ib/hr

985°F

885°F

604°F

Germanium-si I icon

28.5

1.96%

900°F

615°F

2-13
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ELECTRIC AL POWER - 500 WATTS

EFFICIENCY - 1.96%
«

VOLTAGE - 28.5

T— Electrornagnetic Pump
\ Thermoelectric Power Supply

985 F From Reactor

To Electrical Load

NaK 13GPM

885 F To Reactor

Radiator Surface

TCold= 615 F

Thermocouple

T Hot = 900 F

Figure 2-3 - System Schematic for SNAP 10A Power Conversion System
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T/E CONVERTOR RADIATORS

EXPANSION COMPENSATOR

STRUCTURE ft RING STIFFENERS

LOWER NaK MANIFOLD

INSTRUMENTATION COMR&RTMENT

Figure 2-4 - SNAP'10A Flight System
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Heat is supplied to the thermoelectric elements by NaK-78 heat transfer fluid. Heated

NaK enters the power conversion system at 985 F and is circulated at a rate of approximately

13 gpm by means of a liquid metal electromagnetic pump composed of a permanent magnet

and an integral thermoelectric power supply.

The power conversion system consists of n and p germanium-silicon thermoelectric pellets,

thermally coupled but electrically isolated from the NaK heat transfer system. These pellets

are bonded to 40 parallel stainless steel tubes arranged vertically around a conical structure

(see Figure 2-4). The NaK flows through these 40 tubes. Distributed along any one tube

are 36 thermocouples (72 pellets). There are 1440 thermocouples in the entire assembly.

The pellets are isolated electrically from the NaK tubes by thin alumina discs.

Heat flows from the NaK tube through the thermoelectric pellet to an individual aluminum

radiator. Insulation of the hot from the cold sides between pellets is the vacuum of space.
o ,

The total effective radiator area is 62-1/2 ft , and it has an average thermal power dissipa-
o ,:

tion capacity of 1/2 kw/ft at a mean temperature of 604 F. This is sufficient capacity to

maintain an average AT of 298 F over the thermocouples.

All materials which comprise the pellet subassemblies are brazed or otherwise metallurgically

bonded to each other to give a sound structure and good thermal conduction.

The electrical circuit is through the p and n pellets connected alternately on the hot side

to a copper strap and on the cold side through the aluminum radiator. Provision for relative

expansion between hot and cold sides is in the cold side radiator. The 72 pellets on a tube

are connected electrically in series. The series string on each NaK tube has been cross-

coupled to an adjacent string at four discrete points along the tubes. To further increase the

reliability of the converter, electrical jumpers are placed at each adjacent radiator in a leg

pair. Twenty pairs of adjacent series parallel connected tubes connected in series make up

the complete converter network.
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At the outlet of the power conversion system, the NaK heat transfer fluid is collected for

return to the reactor. In the two return lines are bellows type expansion compensators which

pressurize the system in orbit to about 5 psi and can accommodate twice the thermal expan-

sion of the NaK during heatup. For meteoroid protection, the NaK piping is arranged to

take advantage of structure and components.

In addition to the power conversion sytem proper, suitable instrumentation and controls are

provided for orbital startup, shutdown and monitoring.

U.S. Army Natick Labs Portable Heating and Ventilating Unit (References 24 and 25)

The purpose of the portable heating and ventilating unit is to provide hot or ambient air to

a "climate suit" or CBR warfare uniform. It is an engineering demonstration unit to be worn

on a man's back. While the interest here is in the thermoelectric generator (converter), a

brief description of the unit as a whole is appropriate.

A plan view layout of the unit is shown in Figure 2-5 and the actual physical appearance

of the unit is shown in Figure 2-6 . Looking at the layout (Figure 2-5) combustion air

and cooling air for the generator enters the generator blower (about 24 cfm). From this

blower the air flows into a plenum .at the left hand end of the generator. All but 1 cfm

of this air flows through the heat exchanger on the cold side of the thermocouples to the

right hand side of the generator, where it either is exhausted to ambient or is partially

deflected by a grid valve into a duct leading to the filter case and thence into the inlet of

the suit blower. The mix of heated and ambient air is controlled by a flipper valve acting

in unison with a grid valve. In the figure ambient air is called ventilating air. The heated

and ambient air mix in the filter case and are drawn into and through the suit blower condi-

tioned for entrance-into a suit.

One cfm of generator air is used as combustion air. This air is directed around the unit from

left to right and enters at a hollow bullet mounted on the center line of the unit. The fuel
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Figure 2-5 - Thermoelectric Heating and Ventilating Unit
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Figure 2-6 - Bottom View, Heating and Ventilating Unit
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also enters at this location. The fuel used is propane from hand torch bottles (Burnzomatic).

The fuel and combustion air flow to the left hand end of the unit, where they mix in a bunsen

type aspirator and then burn in the annular space between bullet and core. The fuel flow is

controlled by the fuel pressure regulator at the lower right hand side of the unit.

The photo (Figure 2 -6 ) corresponds to the bottom elevation view of Figure 2-5 and is the

bottom of the unit as mounted on the man' s back. Visible here are the fuel regulator, gen-

erator blower, generator and suit blower electrical switches, electrical junction box (above

switches) with two auxiliary power taps and suit blower exit covered by an orifice to simulate

a suit.

Some of the pertinent parameters of this unit are given in Table 2-4.

The unit was operated for 200 hours in approximately 40 startup and shutdown cycles prior

to final delivery to the U. S. Army and had not degraded in this time.

The generator contains 160 thermocouples (320 legs) connected electrically in series. The

thermocouples are grouped in 20 modules of 8 thermocouples each. Electrical connection

between thermocouple legs (in series) was by brazing to Armco iron straps on the hot side,

and by braided wire soldered to the cold-side caps of Armco iron. The thermocouple legs

are of n type PbTe pellets, 3/16 in. dia. x 1/4 in. long, and p type GeBiTe pellets of the

same dimensions. The pellets are on 3/8 in. centers. Insulation around the pellets between

the hot and cold sides was Johns-Mansville Cerafelt. The thermocouples were not sealed

from the outside atmosphere.

The actual assembly arrangement can be seen in Figure 2-5 . The burner is mounted inside

the central core, and the individual thermocouple legs are pressed against this core by
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TABLE 2-4

HEATING AND VENTILATING UNIT PARAMETERS

Total System (24 C ambient temperature)

Output Flow

Output Pressure Rise

Weight

Size

Expected Overhaul Period

11.7 cfm

4.62 in. H2O

10.35 Ibs ,

10-1/2." x 10-1/2" x5"

500 hrs (burner and
motor limits)

Generator Alone (24 C ambient temperature)

Output (Matched to heating and ventilating unit)

EMF (Matched to heating and ventilating unit)

Current (Matched to heating and ventilating unit)

Output (To matched Load) ,

Fuel Flow Rate

Weight

Size .

Over-all Thermal Efficiency (To heating and ventilating
unit)

Over-all Thermal Efficiency (To matched load)

Average Hot Side Thermocouple Temperature

Average Cold Side Thermocouple Temperature

Thermocouples - PbTe-n leg, (GeTe^pt^t^Tes^ Q5~P leg

Thermoelectric Degradation Expected

27.6 watts

10.85 volts

2.55 amps

30. 0 watts

0.26 Ib/hr

6.5 Ibs (including fuel
pressure regulator)

5" dia. x 10" long

1.8% (fuel in-elec..power
out)

1.96% (fuel in-elec. power
out)

440°C . .

.139°C

10%-1600 hrs, 200 - 8h r
operating cycles
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individual followers protruding into hollow pins in the cold side heat exchanger. These

followers are under spring compression.

The heat flow path is from the burner core to the thermocouple strap, through the legs and ,

followers to the cold side heat exchanger pins and cylindrical fins, and then to the generator

cooling air. The heat exchanger is positioned relative to the core by means of 5 radial pins
/

inserted into pads on the core through 5 of the hollow pins. Electrical insulation along this

path is provided on the hot side by an aluminum oxide layer plus a 2 mil mica layer. On the

cold side of the thermocouple, electrical insulation is provided by a "hard coat" on the

aluminum followers plus silicone grease over the followers. The grease also reduces sliding

friction on the followers.

The main effort on this design is to provide minimum restraint between the couples and

related parts during relative thermal expansion of these pieces under transient operation

with isolation of the thermocouples from external loads and shocks.

Except for the burner (Inconel) and the thermocouples, all the materials in the generator

were aluminums of some appropriate type. •

The generator blower is a Dean and Benson Vaneaxial Model HF 3-1. This blower delivers

approximately 27 cfm at 0.25 in. h^O static pressure when operated at 9000 rpm. The fuel

pressure regulator is of an Underwriter's Laboratories approved type and is set (nominally)

for 19 psi gage pressure.

Analytical Substitution of Germanium-Silicon in Portable Heating and Ventilating Unit

The SNAP 10-A does not fully utilize the high temperature capabilities of germanium-silicon

material. To evaluate these capabilities better, a paper substitution has been made of

germanium-silicon into the generator of the previously discussed portable heating and
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ventilating unit. This substitution is based on information released by RCA on their

"Improved 50 Watt Generator" (Reference 26). This substitution is approximate only and

is not a redesign in depth. .

Some of the pertinent parameters of this revised unit are given in the following Table 2-5.

It was assumed that the fuel flow to the revised unit would remain the same as for the actual

unit.

TABLE 2-5

REVISED HEATING AND VENTILATING UNIT GENERATOR

Output (To a matched load) 36.8 watts

EMF 9. 9 volts

Current 3.72 amps

Fuel Flow Rate 0.26 Ib/hr

Weight 8.0 Ibs (including fuel
pressure regulator)

Over-all Thermal Efficiency 2.4% (fuel in-elec.
power out)

Average Hot Side Thermocouple Temperature 850 C

Average Cold Side Thermocouple Temperature 200 C

Thermocouples p and n germanium-silicon

As can be seen by comparing the foregoing figures with those of Table 2-4, a performance

advantage would result from the germanium-silicon substitution. There would be a weight

increase, because the 850 C hot side thermocouple temperature assumes a stainless steel

core to be substituted for the aluminum core (440 C), and this increase in weight over-

balances savings in weight in the cold side heat exchanger and thermocouples. Even so,

the specific output in watts/lb is not unfavorable to the germanium-silicon substitution.
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It is of interest-to note that the next generation of these portable heating and ventilating

units is actually being constructed using even lower hot side temperatures and modified

bismuth-telluride thermoelectric materials. The reason for this is economic — the thermo-

couple cost is reduced by a factor of 10.

Close Packed Thermoelectric Generator — Parameterized "Conceptual Design"

In order to evaluate a conceptual design of a liquid metal heated and cooled thermoelectric

power generating system using current close packed PbTe modules, the system of Figure 2-7

was assumed. The system consists of heat source (not shown) supplying energy to the heat

transfer fluid, which is elecrromagnetically pumped through the thermoelectric array

(Figure 2-8 ) and back through the heat source. The fluid-temperature out of the heat source

is assumed constant at 1660 R. A portion of the heat energy delivered to the thermoelectric

bundle is converted into electrical energy; the rest is dumped, via another liquid metal loop,

to the main radiator. The electrical output from the thermoelectric array is put through the

power conditioning package, where a portion is extracted to power the loop pumps. The

remainder is then available as electrical power to the load. Heat generated in the power

conditioning package is ejected through fin radiators attached directly to the package housing,

The total system weight is given by:

w = w •+ w , + WT/C + w + w „ + w,. + w
t p rod T/E pc rod fl st

where:

W - total system weight excluding weight of heat source.

W = weight of hot side loop. pump.
P

W was taken from Figure 2-9 where the flow rate is given by:
P

: • A Q,

M = hs

C x A T,
Pk he
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Radiofor Pump

200Sq.Ft.
Section

Solid Radiator .

7

To Heat Source

Heat Exchanger
with T/E Bundles
Inside

From Heat Source

_m Electrical
/^ Power Leads

Power Conditioning
Equipment

Pump Power
Output

Net Power
Output

Figure 2-7 - Conceptional Design of T/E Power Generator
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LEGEND

CLAD - COMPATIBLE WITH NaK.
ELECTRICAL INSULATION - HIGH THERMAL CONDUCTIVITY.
ELECTRICAL CONDUCTORS.
ELECTRICAL INSULATION - LOW THERMAL CONDUCTIVITY.
N-TYPE THERMOELECTRIC MATERIAL.
P-TYPE THERMOELECTRIC MATERIAL.

CLOSE PACKED THERMOELECTRIC MODULE
(OUTER LIQUID METAL JACKET NOT SHOWN)

563908A

Figure 2-8 - Close Packed Thermoelectric Module (Outer Liquid Metal Jacket Not Shown)
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Figure 2-9 - Pump Weight
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A Q, = rate of heat delivery to the hot side of the T/E elements,
hs

C = specific heat of potassium.
Pk

£\ T, = temperature drop across the heat exchanger ( ~ 1 35 R)

W , = weight of main radiator,
rod

The total radiator area is given by:

A Q, - 1/2 P - Pnei/n
A =

Teff

where

T «4 = T / - T • i4 ; T • u - 650°R
. eff rod sink sink

1/2 P = power consumed by the pumping system, taken as 50% efficient.

^ , = radiator effectiveness, assumed to be 0.7
'rod

e = emissivity of the radiating surface, taken as 0.8

a = radiation constant

P /n is electrical power delivered to the power conditioning package and is
ner 'pc

calculated from:

P . - r, (r, TU A Q -P )
net 'pc 'c 'd hs p

where

-TI = efficiency of power conditioning equipment*
'pc

Y, = carnot efficiency defined as
c

TIC = A T

* From data in reference 2, n was taken as 90%.
'pc
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A TT/C is the temperature drop across the T/E modules, and T, is the module hot-
• 1/t h

side temperature.

TJ = device efficiency of the modules, which was approximated by the

expression

- 'T/E Kd
"" " ~

with eT /p taken from Figures 2-1 and 2-2 and the device constant K . estimated

at 0.55 from data taken on close packed type elements now running in our laboratories.

P = power consumed by the E.M. pump and is calculated from

p = J_ Fxd

P Tl t

•q = pump efficiency, taken as 50%.

Fxd • '
—— = g x m x d
t m

where ,

g is the gravitational acceleration at moon surface = g_/6 where g = earth
m o o

: gravitational acceleration.

m is the mass flow rate of the fluid as defined .previously.

d is the pressure head rise over the loop pump - estimated at 28 ft.

Once the total area is known, Figure 2-10 can then be used to estimate the radiator weight.

Aluminum was selected as the principal radiator material with columbium tube liners.

W_/P = weight of T/E elements and heat exchanger in which they are supported.
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From data on actual close-packed modules, and assuming a reasonable, geometry for the heat

exchanger, the weight per module has been estimated as approximately 3.8 Ibs/module.

Then:

= 3 .8xno . of modules

Since the type of modules under consideration have a thermal through put of 5.4. watts/module

°R/ A Q,
WT/E - 0 . 6 6 6 hs / A TT/E (Ibs)

where A Q, and A T_ ,p are as previously defined.

W = power conditioning package weight

This weight was obtained from Figure 2-11.

W = Specific weight x P
PC PC

where

W

P = Pnet/r| is the input to the power conditioning package.

., - Radiator for power conditioning package

W ., = Specific weight (Ibs/ft ; x area required (sq ft)

where specific weight was again estimated from Figure 2-10, and the area is given by

Pec - Pnet
A =

^7
1 = effectiveness of power condition package radiator, taken as 0.6

4
e, CT, T ., are as previously defined
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Wf. = total weight of heat transfer fluid in the hot-side loop (cold-side fluid

weight accounted for in Figure 2-10).

= C (no. of T/E elements x wt. of fluid/element)

where

Number of T/E elements as given previously

weight of fluid/element = vol. of fluid tube x density at 1480 F

C was estimated at 5x to account for fluid in the rest of the system.

W = Structure weight and was taken as 10% of total system weight.

The results of examining this assumed system parametrically are shown in Figure 2-12. This

is a plot of partial system weight (heat source weight excluded) as a function of actual radi-

ator area with parameters of system net electrical power output, heat input, and radiator

temperature. System maximum temperature was held constant at 1660 R, and effective am-

bient temperature was held constant at 650 R. The minimum weights for given net electrical

outputs taken from Figure 2-12 are replotted in Figure 2-13. For example, the minimum

partial system weight is 11,000 Ib for a net electrical output of 30 kw. Maximum partial

system specific outputs are at the 3 watts/lb level.

CONCLUSIONS

Useful proven thermoelectric materials are available to cover a temperature range from room

temperature to 1600 F. When properly applied in devices, 10,000 or more hours of use with-

out maintenance with less than 10 percent degradation can be expected.

Thermoelectric thermal conversion efficiencies normally run about 5 percent but can go as

high as 8 percent or 9 percent, or as low as the 2 percent of SNAP 10A. Efficiency is some-

what a function of designer and the constraints of the total system concept.
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Specific output per unit weight for the converters, plus necessary heat exchangers and

attendant equipment but without heat source, run from about 1 watt/lb on the SNAP 10A to

above 5 watts/lb for long-lived, ground-based, air-cooled generators. This is somewhat a

function of application, size, and designer. It would appear from our examination that

specific power outputs of about 3 watts/lb at 1050 F top thermocouple temperatures are

quite i.n order. . . . '

For available nuclear heat source temperatures of 1200 F or lower, the lead tellurides,

germanium bismuth telluride, and germanium silicons are candidates for use. It is our

opinion that the lead felluride n leg, germanium bismuth telluride p leg combination is

the best choice because of its high figure of merit.

For available nuclear heat source temperatures substantially above 1200 F, germanium-

silicon materials-have the field to themselves at the present time,
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C. THERMIONIC POWER SYSTEMS STATE-OF-THE-ART

A survey of the State-of-the-Art of thermionic energy conversion systems is presented in the

following pages. Because this essentially simple and attractive static system bears the burden

of operating effectively only in the present-day fringe area of materials' capability, it has

no demonstrated present-day ability to meet the operating lifetime requirements of the lunar

base power supply. Its projected ability, based on successful operation, out of nuclear pile,

of diode strings, is good, but the timing of such an event is most uncertain.

INTRODUCTION

Historically, the thermionic phenomenon was first noticed and mentioned by Edison. It was

investigated and treated theoretically in depth by Langmuir as early as 1915. In comparison

to thermoelectric energy conversion systems which operate at lower temperature levels, therm-

ionic converters provide high amperage current flows at a voltage higher than thermocouple

output.

In thermionic energy conversion, heat from any suitable source is applied to one member, the

emitter, of a dipole system. The space between the emitter member and the second, collector

member is maintained at a very low pressure. When the emitter temperature has been raised to

the ionization temperature characteristic of the emitter material, the "free-gas electrons" in

the interior of the emitter material have acquired enough energy to cross the surface potential

barrier, escape as free electrons and travel to the collector. Thus, the heat energy applied to

the emitter flows from the emitter to the collector, and although the major part of the total

energy flow is heat, an attractively large proportion - 10 percent or more - is electrical. The

collector is electrically connected externally through a useful load to the emitter.

The above description is, however, too simple. As the electrons are "boiled out" of the emitter

an electron cloud is formed adjacent to the emitters' external surface, the dense electron charge

reinforces the surface potential barrier and inhibits passage of the individual electrons to the
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collector. A common means of reducing this "space charge" effect is cesium vapor, at very

low pressure, maintained between the emitter and collector. The cesium atoms when ionized

by contact with the hot emitter surface or by electron bombardment become positively charged

ions and to a large degree neutralize the space charge without blocking passage of electrons

from emitter to collector.

Nuclear technology now provides compact thermal energy packages which can maintain heat

energy output in very large quantity over long periods of time. Thermionic energy conversion

of this available heat appears to offer a good "fit", in the sense that the temperature levels

of heat output from the nuclear reactors are approaching the neighborhood of acceptable

temperature levels for the input to the thermionic converter, and the sizes, areas, and

geometries are compatible. In addition, the high temperature levels of thermionic devices

are advantageous where system waste heat must be refected by thermal radiation.

Work in various phases of nuclear pile-thermionic conversion systems, suitable for space and

extra-terrestial operation, is being carried out by a substantial number of groups. Refer to the

.Thermionic References and List of Government Contracts on Thermionics which lists a sampling

of contracts and programs. Some of these programs involve complete system concepts, others

are restricted to some particular area of thermionic interest. In general, the system concepts

involve one of three different physical locations of the thermionic converter—in the nuclear

pile, in a heat exchanger on an external portion of a liquid metal cooling loop, or on the

radiator surface of a liquid metal coolant loop. .

In our survey of the Thermionic State of the Art we draw upon these contractors' program

reports, our trip reports of visits to contractor installations and discussions with their personnel,

and a review of their conclusions, to form our conclusions and summary.
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STATE-OF-THE-ART

Power Converters .

Investigation of thermionic conversion is being carried out in many places. Basic research or

development is proceeding on variants of the initial diode system, such as triode configurations

(Reference 1), liquid diode collectors (References 2 and 3), barium diodes (Reference 4),

auxiliary discharge (Reference 5), capillary emitter (Reference 6), and many others. The time

frame of reference of the present program does not permit value judgments of this work.

The main line of successful development has been on the eessiated diode.

A necessary part of the effort on thermionic power converters is materials investigation and

evaluation. For use as emitters, because of the high temperatures involved, effort has been

directed principally at the refractory metals or metal carbides such as tungsten, tantalum,

columbium, molybdenum, and uranium carbide/zirconium carbide. Of particular interest is

the compatibility of these materials with nuclear fuels for converters to be used in pile. Other

areas of interest are electrical insulators and collector materials.

Of the possible electrical insulators only high purity alumina or sapphire seems to have the

proper resistance to metal vapor attack, chemical and physical stability, and insulator to con-

ductor sealing ability required for thermionic power converters.

Present choice of emitter materials when considering system design is either tungsten or moly-

bdenum. Tungsten apparently could be used to 2000 C in contact with UO« nuclear fuel

(Reference 7) and to 1800 C in contact with UC/ZrC nuclear (References 7 and 8) fuel. Best

tungsten for use is formed by a vapor deposit process (Reference 9). Molybdenum may possibly

be used to 1600 C in contact with UC/ZrC fuels although testing time has been short (Reference

8). Molybdenum is also compatible with UO^-Mo-Cermet nuclear fuel to temperatures of at

least 1600 C (Reference 10). Columbium (Reference 10) and nickel (Reference 11) are used as

collector materials.
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Out-of-Pile Cessiated Diode Results

As has been stated previously, the main line of successful development has been on the ces-

siated diode. An example of a successful (out of pile) cessiated diode is the RCA diode 1197-A,

Figure 2-14. This figure shows an in-pile test configuration. The emitter material is molydbenum,

the collector is nickel, the insulation is alumina ceramic. The nominal operating conditions

for this diode are an emitter temperature of 1350 C (2372 F), collector temperature at
r\

570 C (1058 F), power density of 2.5 watts/cm^, efficiency 11 percent. The converter

operated in the "ball-of-fire" or arc discharge mode, as do all presently useful thermionic

converters. The converter automatically enters this mode above 1300 C. Below this

temperature arc discharge can be initiated electrically.

The optimized performance of the RCA diode for other than nominal operating conditions is

given by Figure 2-15. It will be noted that the volt-ampere characteristic of the converter is

linear at constant heat input. As a consequence, series arrangements of diodes can be used to

give directly, additive outputs, neglecting the minor lead losses. The RCA (Reference 11)

diodes have been operated in triple series strings without trouble. To date about 1500 hours

of running on a series string has been accumulated.

The Martin Company (Reference 10) have constructed similar diodes and have run parallel

out-of-pile tests. Their thermionic diodes have run for over 2000 hours successfully. Two

diode elements in series actuated hundreds of times without difficulty. The particular style
2

converter was run at a power output density of 19 watts/cm without evidence of degradation

or failure. .

The longest endurance running of thermionic diodes is reported by General Electric (References

8 and 10). Six different cylindrical diodes were placed on test. Three ran a substantial period

of time. Failures of the three long lived diodes were connected with attempts to replace burned

out heater elements in the test equipment. Table 2-6, following, gives the reported results.
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Figure 2-14 - RCA Converter Type 1197-A In Pile Configuration

2-47



stronuclear •'•

Nl

Figure 2-15 - RCA A-1197A Thermionic Converter Performance Characteristics
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TABLE 2-6

GENERAL ELECTRIC DIODE ENDURANCE TESTS

Emitter Material

Molybdenum

Columbium

Tantalum

1650°C

1760°C

1760°C

stronuclear

Emitter Temperature Specific Power Out Test Period

2
2.5 watts/cm

2
2.6 watts/cm

2
4.6 watts/cm

3200 hrs

8538 hrs

5000 hrs

in-Pile Cessiated Diode Results

In contrast with the success reported on out of pile running, tests of diodes in-pile have been

uniformly unsuccessful. The maximum operating time before failure reported (Reference 9) is

300 hours. A typical result is shown in Figure 2-16' Part" of this may be because of limited

test effort but Los Alamos Scientific Laboratories said they had run over 100 in-pile tests

(Reference 9). The General Electric Company have run two in-pile tests, both tests lasting

approximately 200 hours .to failure. These tests are called IPOP (in-pile-out-of-pile) and

were conducted under AEC contract AT (04-3)-189. All tests failed. According to report,

these were mechanical failures not connected with the basic operation of a diode unit. The

thermionic converters had a columbium emitter and a stainless steel collector. They were

operated at an emitter temperature of 1700 C and a c >tor temperature of 630 C. -..-

Conceptual Systems

No actual nuclear thermionic conversion system has as yet been developed, built, and operated.

The conceptual systems differ as to the location of the thermionic converter in relation to the

nuclear reactor. Figure 2-17 shows three different general arrangements with their operating

temperature levels. A fourth scheme represented by General Electric's STAR-R system locates

the thermionic converter between the nuclear pile and the radiator elements with solid state

heat conduction from converter to radiator. Reactor core heat transfer requirements restrict

this last configuration to relatively small systems. Present for-instance designs are based on

20 kw electrical output (Reference 12). Four TT nuclear shielding is not possible without drastic

modification of the present STAR-R concept.
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Figure 2-17 - Nuclear Thermionic Conversion Concepts
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Three conceptual system designs from three different companies, which have projected electri-

cal output capabilities in excess of 1 Mw are presented in brief hereafter. All of these systems

involve the use of the thermionic elements in the nuclear fuel element (in-pile). Systems of

this sort avoid the extremely high temperature liquid metal loop problems of the 'converter or

radiator1 and '" in heat exchanger1" types. For the latter two schemes, liquid metal loop

temperatures required are at least a generation beyond even present advanced development

work as represented by the upper temperature levels being considered for SNAP 50/SPUR.

Using the thermionic converters in-pile quite obviously results in compromises in reactor and

converter technology. One of the more prominent results is to give a "bare" reactor core of

substantially larger dimensions than is necessary using a straight fluid cooled reactor. Where

four TT nuclear shielding is required the weights of such shielding will be substantially higher

than for the straight fluid cooled reactor.

Figure 2-18 shows schematically the arrangement of General Electric's STAR-C (Reference 12)

system with the thermionic converters in-pile. A primary coolant loop of liquid Na transfers

heat from the collector surface to an external heat exchanger shared by a secondary liquid Na

loop which completes the ultimate heat rejection to space through its radiator. The intermed-

iate heat exchanger restricts the radioactive fluid to the general vicinity of the reactor core.

One disadvantage inherent in the design is the AT between the collector surface and the

surrounding liquid Na coolant. For a specified liquid Na coolant temperature, the required

collector temperature will be several hundred degrees higher. Sensible conversion efficiencies

require an emitter temperature nearly double that of the collector temperature, therefore a

high coolant temperature requirement is reflected throughout the entire system in higher tem-

perature levels.

General Electric proposes UO~ as fuel because of the large amount of experience which has

been accumulated in in-pile loop operation. However, this experience has been with pres-

surized water and boiling water reactors where water was a moderator as well as a heat trans-

fer fluid. The direct extrapolation of this experience to nuclear thermionic conversion system
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Figure 2-18 - Schematic of General Electric Co. STAR-C Concept
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could encounter difficulties. The specific weight level of General Electric's present STAR-C

designs is on the order of 150 Ib/kw.

The Martin Company (Reference 10) design concept is shown schematically in Figure 2-19.

This design is one which is specifically being examined by the Martin Company under contract

to NASA, for lunar use. Its design is predicated on installation in a lunar crater to avoid the

prohibitive weight of nuclear shielding the design would otherwise require for lunar surface

use.

*

The concept comprises the nuclear reactor with in-pile thermionic converters having molybdenum

emitters, cesium vapor gaps, columbium collectors. The fuel pellets of UO_-Mo cermet are in

the form of thin walled hollow cylinders, clad with molybdenum, the cladding serving as the

emitter surface and also forming a pressure vessel for containment of fission product gas. In

operation, the surface temperature of the emitters is held to 1530 C,"below the temperature at

which large quantities of fission products are released."

The system coolant is NaK operating at 1300 F outlet, 1100 F inlet-the temperature range

already covered by SNAP-8 technology. The coolant is pumped through the system loop re-

moving decay heat from the nuclear fission reaction, transferring the heat to the radiator for

rejection to space. During possible lunar surface storage the pump is powered by a thermo-

electric, radioisotope, power source of 500w thermal, 25w electrical capacity. The thermal

energy serves to keep the coolant liquid.

The radiator is cylindrical, as shown, thermal radiation reflectors would be employed to direct

the radiation upward from the crater or depression in which the system would be located. Con-

trol of the nuclear reactor is achieved by a movable nuclear reflector mounted outside

of the reflector element integral with the reactor. The design operating point results in a

2 2
thermionic diode power density of only 1.5 watts/cm , with increase to 4 watts/cm a growth

possibility.
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Figure 2-19 - 100 kw Lunar Nuclear Thermionic Plant Concept (Martin-Marietta Co.)
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The Martin design is aimed at 100 kw(e) at 90 Ibs/kw unshielded. They feel that they have

taken a position of extreme conservatism in operation and down-rating of all components.

However, none of the diodes have yet been operated in-pi I e.

The Pratt & Whitney (Reference 13) in-pile thermionic converter design concept is shown

diagrammatically in Figure 2-20 and a schematic of a fuel element in Figure 2-21. As shown,

the thermionic converters are integral with the reactor. A primary liquid lithium coolant loop

transfers the reaction heat through a heat exchanger to the secondary loop and the radiator.

Auxiliary loops and radiators maintain proper temperature levels in the reactor shield, at the

cesium reservoir, and at the electrical power conditioning and control zone.

The combined thermionic converter-nuclear fuel element consists of a cylindrical UC-ZrC

fuel element, tungsten clad, surrounded by a concentric cylinder of columbium, spaced off

0.020 inch to form the cesium vapor gap. Fission gases are separated from the cesium vapor

by a tantalum shield and are ducted through hollow electrical leads to a point where they are

vented to space. The calculated emitter temperature is 1760 C, the collector 740 C, the
2

thermionic diode power density, 5 watts/cm , the system weight—direct shielding only—from

10.5 lbs/kw(e) to 15.8 lbs/kw(e) depending upon choices of coolants and radiator materials.

The system design power level is of the order of 1 Mw.

CONCLUSIONS

As evidenced by the reported results of General Electric, Radio Corporation of America,

Martin-Marietta Company, and others, the problems of construction and operation of cessiated

diodes in series strings, without reference to a power generation system as a whole, is well in

hand. Long life at potentially useful (in power systems) levels of efficiency and electrical

output are being achieved. This is a major step forward.

It would appear that if nuclear reactor-heat transfer loop combinations were available to supply

heat energy at 1700-1800 C to out-of-pile thermionic systems, very rapid development of

thermionic conversion systems would be possible. Unfortunately, such a reactor-loop combination

is a generation beyond even the present advanced development program of SPUR/SNAP 50. .
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A way to avoid the high temperature loop is to place the thermionic converter in the nuclear

reactor with the emitter next to the nuclear fuel. However, efforts to use the same technology

(which has resulted in thousands of hours of useful life out-of-pile) has uniformly, to date,

given failure in less than 300 hours when used in-pile. It would appear on the surface, at least,

that a better understanding of the problems of making this transition is needed.

Conceptual designs based on the assumption of a successful transition from out-of-pile to in-

pile thermionic converters give specific power output levels which vary by a factor of 10.

The system value is strongly dependent on the assumed specific power output level of therm-

ionic converters, which in turn is a strong function of the assumed emitter temperatures and

in the end of the fuel element clad temperature. Assuming values of emitter temperature

around 1780 C gives specific weights of about 15 Ib/kw. Dropping the assumed temperature

to 1530 C raises estimates to 90 Ib/kw and even lower temperatures increase the specific weight

estimate still more. However, even a 150 Ib/kw plant would be useful in the context of this

lunar base power plant study. All of the foregoing specific weights are for plants of minimum

nuclear shielding. Only enough shielding is included to protect plant components.

Placing the thermionic converters in the nuclear pile increases the size of the basic reactor

core over that required for a straight fluid cooled reactor (by a factor of roughly two in di-

ameter). As a result, shielding of such a core, for protection of the external environment and

personnel, requires an unusually large amount of material. Use of lunar materials or lunar

topography as the shield will be necessary to stay within the 25,000 Ib pay load limit of this

study.

Estimates of the time to develop a flight type nuclear thermionic conversion system vary from

8 (Reference 12) to 15 (Reference 3) years. Because of the major unresolved problems of using

thermionic converters in actual nuclear power conversion systems, all development time esti-

mates must be treated as "best guesses."
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o.-"- g ^ - S P ^ ^ O - Q ^ - S t

"UH?1^ Q£ •" § .0 U '- • ~ t 2 ^ ) — '

O~D . o ; l O . j " o c i : ~ i ~ > ( D § ^ * ; : : 3 0

a > _ a > o < - - p ^ < - ^ - o t o S c ' >
<D ^~ H~ ^ f\ n H* "^ O ^ ^^ c ' i 0

1 '

CO
•O

1
1 00

in -Q

1 ^ 1 -
i 10 (U ;l

ji Hi
z l<^

^
C^ 5

,̂
CO
10
CN

CO
1

to

Ẑ
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D. STIRLING CYCLE ENGINES

The heat-to-power process embodied by the obsolete STIRLING HOT AIR engine has attracted

renewed interest in recent years. Advances in the state-of-the-art of engine design, materials

fabrication, and system analysis make the Stirling cycle again an attractive possibility for

certain power system applications. Within the frame of reference of space and lunar power

plants it offers opportunity for the use of a reciprocating engine in an inert gas closed cycle

with externally supplied heat from the sun or some nuclear energy source.

Inherently, the Stirling cycle carries with it the advantages and disadvantages of a recipro-

cating prime mover. Its chief advantage (relative to a rotating prime mover such as a turbine)

is high mechanical and hence high thermal efficiency in small sizes with high torque at low

rpm. The chief disadvantage is a relatively short operating life between overhauls—a problem,

associated with the wear and sealing problems of reciprocating piston motion. The recently

reported experiences of the Allison Division of the General Motors Corporation (Reference 6)

when accumulating 1000 hours total running time on a Stirling cycle engine strongly indicate

that, in spite of modern technology, those problems causing short operating lifetime between

overhauls are not solved. Because of this the Stirling cycle engine is not suitable for use as

a major part of a central station type electrical power generation plant where longtime con-

tinuous running without outage for repair or maintenance is required.

INTRODUCTION

The Stirling engine was invented in 1816 (Reference 1) and is a heat engine which operates

with its working fluid always in the gaseous state. The working fluid (air in Stirling' s case)

is compressed in a low-temperature cylinder while being held at constant temperature by the

heat sink of the cycle. It then passes through a regenerator and a heater where its tempera-

ture is raised tothe maximum temperature of the cycle; and then expands isothermally in a

high-temperature cylinder which is receiving heat from the cycle heat source. The working
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fluid then passes reversibly through the regenerator, re-entering the low-temperature cylinder

where the cycle is repeated. The heat source in this cycle is external and the working fluid

is in a closed cycle.

The working medium within the engine must be heated; must be cooled; must store and recover

heat energy from a regenerator; and must be compressed and expanded at the proper times.

These requirements prescribe the five major components of the Stirling thermal engine:

(1) the engine heater and heat input source, (2) the regenerator, (3) the engine cooler and

heat sink, (4) a displacer piston to control the movement of the working fluid through the

heater, regenerator and cooler, and (5) the power piston to compress and expand the gas.

The primary function of the power piston is to compress and expand the working fluid, and

the primary function of the displacer piston is to move the working fluid to where it may be

heated and cooled—in phased relationship with the compression and expansion portions of the

total cycle.

The relative motion of the power piston and the displacing piston is the result of the rhombic

(pantographic) drive. Figure 2-22illustrates graphically 4 stages within the cycle. In stage 1,

most of the working fluid is in the cool region of the cylinder. The power cylinder is at BDC,

and the displacer cylinder is at TDC. As the cycle progresses to stage 2 (where the power

cylinder reaches TDC) the working fluid is compressed, and heat is rejected through the

cooler to the heat sink, in order to maintain the working fluid at the low temperature portion

of the cycle. Proceeding to stage 3, the displacer piston has moved downward toward the

power piston, and without change of volume, has moved the working fluid through the regener-

ator and heater and into the hot region of the cylinder. From stage 3 to stage 4 the working

fluid expands, the heat input through the walls of the hot space keeping the temperature

nearly constant as the power piston and displacer piston move toward BDC. From stage 4 back

to stage 1, the displacer piston moves the working fluid back from the hot space, through the

heater, regenerator, and cooler into the cool region of the cylinder (without change of volume)
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Figure 2-22 - Stirling Engine Cycle Passes and Cylinder Operating Cycle
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as it apprcxiches TDC. The stages are then repeated. The P-V diagram is of course idealized

for discussion as are the events of the stages. The actual engine cycle, however, approximates

this description.

Stirling' s original engine is the basic configuration used in the most modern engines. In the

140 odd years since it was invented, there have been many less attractive configurations in-

vented and'built. During the third quarter of the nineteenth century, the "hot air" engine

was very popular and many thousands were built. In general these engines all had low effi-

ciency and developed very low power per unit of displacement. In the early 1940' s the

Philips Industries in Eindhoven, Netherlands, initiated an R & D program on the Stirling

engine (Reference 2). In 1958, General Motors entered into an agreement with Philips

relative to this engine.

STATE OF THE ART

There is no generalized, reliable body of records on operating performance of Stirling engines

in the nineteenth century—such as would be available if the modern design versions of the

Stirling engine had been widely applied. Nonetheless, development work and operational

running have been reported by Philips Industries of Holland (as stated previously) and the

General Motors Corp. (Reference 6) in the USA. In addition the Stirling engine has been

factored into comparative studies of power plants for space and lunar use by Allison Division

of GMC (References 3 and 7), Martin-Marietta Corp, (Reference 4) and Westinghouse

Electric Corp. (Reference 5). The latter two studies lean heavily on the Allison Div. of

GMC work.

Modern Development Work

Philips Industries

Philips has been much more successful in developing Stirling engines with high efficiency

than were earlier developers of these engine systems. The specific reasons for this are
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numerous; but, as would be expected, they are mostly associated with a much more advanced

state of the art compared to the earlier period when effort on the Stirling engine was at a

maximum. Philips (Reference 8) has built Stirling cycle engines showing 40 percent efficiency

at a heater temperature of 750°C (1382°F). See Figure2-23. However, so far as is known,

Philips' work on power generation engines has not led to successful commercial use.

Philips' development work did lead to successful commercial refrigeration units and gas

liquifaction systems. Stirling cycle refrigeration engines and heat pumps of the same mechan-

ical configuration as the power generating test engines have a vastly more favorable environ-

ment in the low-temperature region of these processes.

Allison Division, General Motors Corporation

Allison has run a Stirling Cycle Engine for 1000 hours of overall operating time. The engine

was repaired a number of times during this run.

The problems revealed during the 1000 hours of operation of the Allison engine were as

follows:

1. Performance dropped 20 percent in first 400 hours, inspection revealed the cause as

bore creep and cylinder wall distortion.

2 After an additional 400 hours of operation a braze joint failed—between dome and

displacer piston.

3. Seal ring troubles.

Performance values given for the engine at the start of running are listed in Table 2-7.
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Figure 2-23 - Philips' Engine Operating Characteristics
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TABLE 2-7 - ALLISON HOT AIR ENGINE

Engine Speed

Top Temperature

Gross Power From
Engine*

Gross Engine Thermal
Efficiency*

1500 rpm

1300°F

3.0kw

30%

2500 rpm

4.5 kw

28%

Brake shaft power output with circulating heat exchanger loop

power externally supplied and no electric generator attached.

Values of internal losses for the engine given by Allison were (1) mechanical friction -

1100 watts, (2) windage - 400 watts, and (3) seal leakage - 500-600 watts.

Allison says the most serious Stirling engine problems are seals, windage, and dead space

in compression.

Space Application Studies

Studies of the possible use of the Stirling cycle engine in space or on the moon have centered

about the 3-5 kw power level with a solar or isotope heat input. Information from two of

these studies, with reference to Stirling cycle engines only, will be presented. The first is

a study by the Martin-Marietta Company in connection with a manned orbital space station

(Reference 4). The second is by the Westinghouse Electric Corporation (Reference 5) in con-

nection with a lunar base shelter. Both studies depend heavily on information originating

with the Allison Division of GMC (Reference 3).

Martin-Marietta Company Study

The Martin study involves the use of a Stirling cycle engine with a nuclear isotope heat source

to produce 4 kw net electrical power.
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In brief, the isotope space power plant concept includes two heat exchanger loops:

1. A NaK hot loop, for transfer of heat from the isotope source to the engines, and

2. An ethylene glycol coolant loop for transfer of the engines rejected heat to the

space radiator.

Two engines are employed in the system, with a single isotope heat source, in order to

increase system reliability. Either engine is capable of providing the required net power.

Because of the inflexible nature of the isotope heat source, the engines and systems are

started up before launch into space.

Martin bases their Stirling cycle estimates on Allison's 29 percent engine efficiency with an

engine operating between a hot temperature of 1200 F and a cold temperature of 150 F. A

29 percent engine efficiency combined with other component values (electrical generator -

85 percent; heat exchanger loops - 95 percent, loop circulating powsr - 600 watts) results in

an overall efficiency of 20 percent for a 4 kw net electrical power output.

The weight of the plant was estimated as 1200-1500 Ib, without nuclear shield, depending

upon the isotope chosen. Nuclear shield weights varied from 300 Ib for the isotope polonium-

210 to 6000 Ib for the isotope strontium-90. The two engines and generators weigh 685 Ib.

The space radiator weighs 226 Ibs and has 390 square feet of area.

Of particular interest here is the weight of the power conversion unit (engines, generators,

and space radiator) which is 911 Ibs. This gives a specific weight for the power conversion

system of 228 Ib/kw.

For a non-redundant system Martin gave a value of 410 Ib for. the engine generator. If this

value is used the specific weight of the power conversion system would be 159 Ib/kw.
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Information from the Martin study is not directly applicable to the most demanding lunar

situation because of the higher rejection temperature required at mid-day on the moon as

compared to orbital heat rejection conditions. A minimum heat rejection temperature of

around 300 F is necessary during lunar day environments of 200 F to 250 F. The change

of engine efficiency which would result requires knowledge of the true cycle of the engine.

It is different from the ideal Stirling cycle in that the efficiency realized is only 50 percent

of that given by the ideal Stirling cycle. Using a simple AT/T ratio as a basis, the overall

cycle efficiency would probably be reduced from 20 percent to 13-14 percent for a given

power output, and the weight would increase inversely—about in proportion to the decrease

in engine efficiency.

Westing!touse Electric Corporation Study

The Westinghouse study involves a Stirling cycle engine coupled to a reflector for use with

a solar heat source. The system is evaluated in a lunar environment with an effective ambient

temperature for heat rejection of 100 F.

The top temperature of the engine cycle was taken as 1250 F. The bottom temperature

(minimum radiator temperature) for minimum total system weight was found to be 500 F

by a parametric analysis involving components of the system. Allison engine information

taken from Reference 3 was used to estimate engine parameters. The radiator for the system

was designed around kw segments to have 0.99 probability of no penetration in 3 years.

Of particular interest here are results giving power conversion system weight as a function of

power output. The system evaluated was not redundant. Only weights for a single engine,

generator, etc., are included. Values converted to specific weight are given in Table 2-8.

Weights of the solar mirror and collector assembly are not included in the values given.
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TABLE 2-8 - STIRLING CYCLE POWER CONVERSION SYSTEM SPECIFIC WEIGHTS

Power Level

5 kw

10 kw

15 kw

25 kw

Specific Weight

112 Ib/kw

96 Ib/kw

81 Ib/kw

67 Ib/kw

If all the components of the power conversion system except the radiator were doubled up

to increase reliability, the specific weight of the 25 kw output system would increase to

112 Ib/kw.

CONCLUSIONS

The Stirling engine, cycle-wise, is a complicated one and requires extensive analytical

work to achieve good results. The availability of better high temperature materials have

permitted more recently designed Stirling engines to operate with a very much larger

difference between the maximum and minimum cycle temperature—thereby benefiting the

Carnot efficiency.

The power per unit mass of working fluid in the Stirling engine is much lower than in the

internal combustion engine and approaches more nearly that of the gas turbine. However,

the use of high pressure levels in the closed cycle engine as well as the use of good heat

transfer working fluids (such as helium) permits the achievement of power per unit volume

of the same order as the internal combustion engine. It appears at present that Stirling

engines can be designed with approximately the same efficiency as internal combustion

engines and, if a pressurized system is used, without a very much greater weight or size

per unit power.
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Inherently, the Stirling cycle engine has both the advantages and the problems associated

with piston engine equipment. The design problems would seem to be in the reduction of

dead space (compression ratio) and the reduction of windage effects. The mechanical prob-

lems would seem to be metallurgical — creep, distortion, wear, fatigue, and seal leakage.

The thermal problems would seem to be possible degradation of heat exchanger efficiency

in the cooler, regenerator, and heater, such as might occur through diffusion and deposition

of lubricant. Based on the troubles reported by Allison during their 1000-hour run on a

Stirling engine those problems—causing short operating lifetime between overhauls — for

reciprocating prime movers have not been solved in spite of modern technology. For this

reason the Stirling cycle engine is not well suited for use as a major part of a central station

type electrical generating plant, where long-time continuous running without outage for

maintenance or repair is required. In the event the operating life problems of the Stirling

engine are solved, it would appear that a redundant Stirling power conversion system (but

with a single main space radiator) might produce 100 kw net electrical power within a

10, 000 Ib weight limit. To this weight, however, would be added the weight of a reactor

and shield system to provide a heat source for the plant. In total for large power systems,

the Stirling engine does not appear to have any potential specific weight advantage over

other systems which are at more advanced stages of development and have greater potential

for low specific weights and/or longer life before failure or maintenance.
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E. MAGNETOHYDRODYNAMIC POWER GENERATION

INTRODUCTION

Within the past five years considerable interest and a progressively greater amount of work

has been evidenced in the field of magnetohydrodynamics (MHD) for electrical power gener-

ation. In MHD power generation, the heat energy of a gas or vapor thermodynamic working

fluid is transformed directly into electrical energy by electromagnetic induction—thus pro-

viding a direct conversion of heatrehergy to electrical energy.

Basically, the conversion to electrical energy is accomplished as in an ordinary rotating

generator, by forcing a conductor to pass through a magnetic field—thus, inducing a voltage

which causes a current to flow through an appropriate load. In the case of the MHD system,

the conductor is an electrically conducting fluid which is accelerated to a substantial

velocity in a nozzle and then passed through the magnetic field. Functionally then

the MHD generator is the combination of a turbine-generator in a single machine—except

that it generates direct rather than alternating current. This device has the advantage

that it has no high speed rotating parts operating at high temperature. It is, therefore,

theoretically possible to go to higher temperatures in the converter—thus obtaining higher

system efficiencies and/or high radiator heat rejection temperatures. In space systems using

a nuclear heat source, this tends to shift temperature limitations from the turbine, if such is

the case, to the heat source or reactor.

A second theoretical advantage of the MHD generator is that the power output is a volume

dependent process whereas the predominant losses (friction, heat transfer, etc.) are area

dependent. By comparison, in a turbine both the transmitted power and the losses are area

dependent. Therefore, as the power output becomes'larger, the efficiency of an MHD

generator increases more rapidly than that of a turbine (Reference 1).
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From a practical standpoint, however, there are many basic problems to be solved before the

MHD generator can be considered at a state of development from which to embark on the design

of a useful power system. These problems range from the necessity for a better understanding of

plasma physics and a more thorough knowledge of the various processes present in the MHD

generator, to the more practical engineering problems of developing high temperature materials

and developing superconducting magnets with adequate flux concentration. Problems such as

these that must be solved in the laboratory before serious consideration can be given to power

system development based on the MHD principle (Reference 15).

STATE-OF-THE-ART

The ma|or problem in the MHD power plant is to make the working fluid electrically conduc-

ting. Two basic approaches to providing an electrically conductive working fluid have been

considered for MHD power generating systems.

Thermal lonization

The first approach is to rejiyion. thermalLyiiHduced'ioViizafion to produce the necessary working

fluid conductivity. In this case, the working fluid is seeded with an alkali metal such as

cesium or potassium (unless one of these materials is used as the working fluid). In general,

the ionization is a strong function of temperature, and it is generally agreed that it is

impossible to achieve sufficient conductivity for an attractive MHD duct with inlet temper-

atures below 3000°F.

Figure 2-24 illustrates a conceptual design of a 1000 kw MHD space nuclear electric generating

plant with a thermally ionized metal vapor Rankine cycle that was the result of an internal

Westinghouse study.

lonization is not in itself an immediate problem when either electrically heated gases or

combustion gases can be used since high temperatures are achievable, and by seeding these
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gases with cesium or potassium sufficient ionization can be accomplished. At the present time

MHD generators are, in general, operated in open cycles for short periodsof time (and at low

efficiency) using these techniques. The most practical present-day MHD application is, there-

fore, for use as large power-short lifetime power supplies using an open cycle combustion system.

For closed systems using nuclear reactors as heat sources to provide power over an extended

period of time, material development problems obviously preclude the use of a system in

which duct temperatures must exceed 3000 F. Such temperatures are obviously well in

excess of the present day state-of-the-art in nuclear reactor heat source technology.

Non-Thermal Ionization

The second approach to providing a conductive working fluid is to rely on non-thermal

ionization or techniques which are only weakly temperature dependent. There are a number

of different techniques being investigated for accomplishing this objective, and most of these

are being explored by various laboratories throughout the country. In general, these tech-

niques are theoretically sound, but none have been demonstrated to be physically feasible

in real machines.

Recently the most attention has been given to magnetically induced ionization. In this

method an attempt is made to have the electron temperatures in the fluid elevated above

the gas temperature by using the induced voltages present in the MHD generator. Since

the degree of ionization is in equilibrium with the electron temperature, the ionization

is increased in some proportion to the electric field present. The general theory has been

demonstrated many times by the use of applied electric fields in non-magnetic surroundings;

however, only a small measure of success has been obtained when magnetic fields are present

as is the case in MHD generators. This method was originally suggested for application to

MHD generators by Kerrebrock(Reference 2). In this paper a factor-of-three improvement

in conductivity was obtained for a potassium seeded argon plasma without a magnetic field.
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Since that time a number of tests have been run in MHD generators with a magnetic field

present. Robben (Reference 3) reported no increase of conductivity in a potassium seeded

argon plasma with a magnetic field present. More recently at the Westinghouse Research
-2 -2

Laboratory (Reference 4), conductivities between 1 x 10 and 3 x 10 mho/m were
_3

measured in cesium seeded helium for conditions where 1.9 x 10 mho/m was expected for
_3

thermal equilibrium. Tests at General Electric indicate measurements of 3.6 x 10 mho/m

at 650 C, 18. 1 psia, 260 m/sec and 20, 000 gauss in argon seeded with cesium (Reference 5).

Similar results have also been obtained at Martin-Marietta (Reference 6) where an electron

temperature of 1427 C was obtained in a plasma at 870 C.

Most of these tests indicate that magnetically induced ionization is present. However,

none of the results show sufficient ionization for large power densities. It, therefore,

remains for proper accounting of the loss mechanisms to be established in order to correlate

test results with theoretical predictions. Beyond this, testing of magnetically induced

ionization under higher magnetic fields and at higher conductivities must be accomplished.

Other internal methods of ionization being investigated include; metastable effectscis in a

Penning discharge, the ionization due to internally emitted photons, or thermionic emission

from droplets (References). These methods, as yet, are relatively undeveloped and require

extensive investigation to determine the magnitude of conductivity obtained and thus, the

applicability of these techniques to MHD generators.

External means of ionization include photoionization by means of a high intensity light

source, electron beam ionization by use of an electron gun and ionization by use of R. F.

Theoretically all three of these methods can be utilized in systems for space application

(Reference 9).
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Photoionization has been examined experimentally using plasma-jet light sources of.high

radiation efficiency. Conductivities in cesium vapors of up to 0.2 mho/m have been .

obtained in preliminary experiments at the Westinghouse Research Laboratories. Quantita-

tive theoretical information is discussed in Reference 10 in which 10 mho/m may be attain-

able with the proper light source.

Electron beam injection is a method in which high energy electrons are injected, into, the

system through a suitable window or slit, ionizing the gas atoms, upon collision. This method

is also very well known and has been discussed in Reference 11 as .well as other documents.

By its nature it requires complex equipment (as does photoionization) and the development of

windows which can maintain their integrity when in contact with the hot working fluid—at

the same time absorbing only small amounts of power from the electron beam. The avail-

ability of suitable windows is as yet not apparent.

R. F. studies have been confined mostly to extremely low pressures which are not adequate

for large power generation systems. Gourdine and Hoi lister report a conductivity of 2, 640

mho/m in argon at a pressure of 3 mm Hg seeded with 6 microns of mercury.

The preceding references indicate in summary fashion the many approaches being taken in an

effort to obtain a workable system utilizing non-thermal ionization. At this point in time it

is difficult to predict which of the methods will yield a workable system and, therefore, what

type of system should be developed.

RELATED WORK

A large number of experiments are being performed on both open noble gas systems and closed

loop npble gas and metal vapor systems. The closed loop system (Reference 4) which is being

tested at the .Westinghouse Research Laboratories uses a cesium seeded helium gas in which the
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gas is heated with an arc jet. Current rests at General Electric (Reference 7) are underway

on an argon blowdown facility. Preliminary results of this work are presented earlier in

this report. They currently have a potassium blowdown facility and potassium closed

loop. All General Electric systems are designed to operate utilizing magnetically induced

ionization.

C.A. Parsons & Co., Ltd (Reference 12) has a helium-cesium closed loop under study in

which they are considering thermal ionization and various methods of non-equilibrium ioniza-

tion such as photoionization and surface ionized cesium.

Martin-Marietta Corporation (Reference 13) is operating a closed loop (results presented

earlier) in which they are investigating various methods of non-equilibrium ionization also

using a seeded noble gas. Many similar MHD devices are under study or construction at

such laboratories as at Allison Division of General Motors, AVCO, etc. The important

point is that all of these loops are preliminary laboratory test loops—aimed not only at developing

working power systems, but also at exploring fundamental physical principles.

Superconducting magnets offer the only possibility of low weight to power ratios for MHD "

conversion systems under approximately 10 megawatts electrical output. Research and

development work is: proceeding on superconducting magnets at various laboratories. Sizes

suitable for application are being developed primarily at AVCO and the Westinghouse

Research Laboratories. Reference 14 is probably the latest and most comprehensive study

of the design requirements and state-of-the-art of these magnets.

CONCLUSIONS

From the various MHD approaches mentioned and their current state-of-development, it is

apparent that a technically established basis on which to design a power system does not
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exist. It will, in all likelihood, be at least 5 to 10 years before a feasible concept on which

to base an MHD power conversion system can be defined, and it will be several years after this

before a pr6 to type power system from which useful power can be extracted will be developed.

Consideration of MHD power generation for the early phases of lunar exploration is, therefore/

out of the question. However, if the problems associated with MHD power generation can be

solved satisfactorily, MHD power generation offers a very attractive system applicable to a

space environment.
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F. BRAYTON CYCLE POWER SYSTEMS

INTRODUCTION

There has recently been a resurgence of interest in the use of the closed Brayton cycle as^a

power conversion system for space power units. Most of the recent development effort has

been centered on systems in the low power range (less than 10 kw). The major effort is

focused on the NASA Lewis Laboratory program to develop a small solar powered-Bray ton

cycle system. The AiResearch Company of Phoenix, Arizona is participating in this program

with the Lewis Laboratory.

A number of organizations (both in government and industry) have also made preliminary or

conceptual design studies of a range of nuclear powered Brayton cycle plants for space

applications. These plants are in the larger sizes of 50 kw and above. One of the major

problems with large Brayton cycle systems for space is the need for very large heat rejection

radiators as compared with Rankine cycle power systems of equal power output. Typically,

radiator requirements fora Rankine cycle plant range from 2 to 10 square feet per kw while

Brayton cycle plant requirements are in the range of 30 to 40 square feet per kw. This

characteristic of Brayton cycle systems (the result of the low temperature heat rejection

requirement for such systems) seriously limits the potential of the Brayotn cycle for space

power applications, where large blocks of power are required. This is particularly true of

space vehicle applications where specific weight is all-important and the radiator is the

major contributor to total plant weight.

For first generation lunar power plants, however, the Brayton cycle with a nuclear heat source

must be considered a contender. In this application, the penalty associated with radiator

weight is a less significant factor and growth potential to large plant sizes (above
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300 kwe) does not offer a requirement until well beyond the mid 1970's. Of first order

importance for this application is developability of an acceptable plant initially in the

100 kw to 200 kw range.

In considering closed Brayton cycle systems for the lunar application two basic types of power

systems can be considered: .

1. A direct cycle system using a gas cooled reactor as a heat source.

2. An indirect cycle using a liquid metal cooled reactor as a heat source.

With either system one limitation imposed on design is that inlet temperature to the turbine

must be in the range of 1700 F. This is in order to obtain radiators of a size that are accept-

able even for the lunar application.

STATE-OF-THE-ART

The Brayton cycle is a well-known thermodynamic cycle—the most common application of

this cycle being in the open-cycle jet engine. As a consequence, there is a great deal of

experience with Brayton cycle systems of various types. In the area of electrical power

generation systems using a nuclear heat source, two major programs have been undertaken in

recent years, the ML-1 program and the MCR program—both under the direction of the Army

Reactor Program.. The ML-1-is a closed cycle system using a gas cooled reactor as a heat

source arid so experience is of .direct interest to the lunar program. Here a closed cycle is

an obvious requirement. This system is also now in operation so that real experience is

available on design characteristics of the Brayton cycle plant. In the case of the MCR program,

the power conversion system is open cycle and is at this time primarily a paper system. There-

fore, the primary interest in this program is in the approach taken to reactor development.

Each of these programs will be discussed in detail later in this section. First, however, some

general comments on the closed Brayton cycle are necessary.
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The Basic System

In the typical Brayton cycle (See Figure 2-1) a high Pressure gas (Neon, Helium-Xenon or

some other appropriate inert gas or mixture of inert gases) leaving either a reactor or heat

exchanger enters a turbine (or turbines). In the case of the two turbine system, the first unit

would be used to drive the compressor, and the second unit to drive the generator The gas

leaving the second turbine enters a recuperator, transferring its heat to the gases leaving

the compressor for return to the heat source in order to reduce the energy input required,in

the heat source. The gases leaving the recuperator then enter a heat exchanger or space

radiator, where the energy representing the cycle inefficiency is rejected to space.. The

cooled inert gas then enters the compressor where its pressure is increased and then passes

through the recuperator and on to the heat source. Single, double and triple loop versions of

such plants are illustrated in line diagram form in Figure 2-1, and similar plant concepts are

described by members of the NASA's Lewis Laboratory staff and the AiResearch Company in

References 1 through 6.

In summary, the plant we are interested in consists of a gas cooled reactor (or a. gas cooled

heat exchanger with a liquid cooled reactor), a high-temperature inert gas turbine (which

may be split into two separate parts), a high-temperature, highly effective low-pressure-drop

recuperator, a heat exchanger-radiator combination (or a radiator directly rejecting the heat

from the inert gas to space), and a compressor. :

In these reactor power plants two conflicting desires must be satisfied and a compromise

reached. In general, a small size heat transfer apparatus, to perform its task effectively with

low pressure drop, needs a very high pressure, low molecular weight gas. For instance, helium

would be ideal, and neon is to be preferred to argon or zenon. However, the turbomachinery

for these applications tends to be extremely small in size, run at very high speeds and have a

large number of stages. All these characteristics are improved by employing higher molecular
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weight gases at lower pressures. The higher molecular weights are a very effective means of

reducing the number of stages. In general, these compromises in pressure and molecular

weight lead to either neon or argon as the working fluid, with pressure levels appreciably

above atmospheric and with very small turbomachinery. Improvement in working fluid

characteristics can be achieved by using mixtures of inert gas which result in characteristics

superior to either of the constituents of the mixture. He-Xe is perhaps the best of these inert

gas mixtures and is the mixture used in most recent plant conceptual designs.

Small Size Gas Turbines

In the past 20 years, a tremendous amount of money has been invested in the development of

the Brayton cycle gas turbine engine. This effort can be considered as being divided into

three groups of apparatus—aircraft propulsion systems, industrial gas turbines, and small

portable gas turbines. The major portion of the development effort, as much as 90 percent,

has been invested in the development of aviation propulsion gas turbine. These aviation gjas

turbines normally consist of a compressor, a hydrocarbon fuel burning combustion chamber, and

a turbine supported on a bearing system. The bearing system consists of hydrocarbon lubricated

antifriction bearings and in a turboprop engine, a reduction gear connecting to the propeller.

Of these elements, the primary interest from the standpoint of the state-of-the-art is the

compressor and turbine. However, these compressors and turbines are designed for extremely

high flow, the compressor element generally has capability at design of from 50,000 to several

hundred thousand cubic feet per minute. The compressors and turbines have received many

hundreds of millions of dollars worth of development effort and can be considered to be at the

pinnacle of their state-of-the-art. Basic principals acquired from this development can

obviously be applied to space Brayton cycle gas turbines. However, it must be recognized

that in the lunar base Brayton cycle the primary concern is with flows smaller by a factor of

approximately 100.

2-97



,
stronuclear

Industrial Gas Turbines

The' second category of Brayton cycle gas turbines which has been under development in the

past two decades is industrial gas turbines. To a great extent, these have followed the

state-of-the-art of the aviation gas turbine, and have also incorporated structural and life-

time features more nearly associated with steam turbine practice. Those gas turbine plants

that have been developed and used in the United States are almost entirely open cycle. In

other words, they have the same basic components as the aviation gas turbines, except that

the plants are geared or directly connected to an electric generator rather than to a propeller.

These. plants have not had sufficient efficiency to .compete economically with steam plants

where the cost of fuel in the generation of electricity is a prime consideration. They have

found substantial application in areas of low fuel cost and in applications where a supply of

high pressure products of combustion are desirable; that is, as a hot gas generator.

Gas turbine power plants are receiving increasing. acceptance for electric utility peak load

due to the fact that gas turbine plant costs less than a steam power, plant of similar capacity,

and for peak operation the lower efficiency has not been a serious handicap.

Portable Gas Turbines

A third area of gas turbine Brayton plant application has been in small portable plants. Many

of these have-been designed and buil.t for applications such as truck propulsion, fire fighting

pump'drives, portable electric generation, etc. Here their usefulness is characterized by the

fact that ah air breathing gas turbine burning a hydrocarbon fuel is by far the lightest

mechanical drive prime mover that has so far been devised.

Heat Transfer Apparatus

It has been recognized that a gas turbine would be a more effective and efficient power plant

if a suitable regenerator or recuperator were developed to utilize some of the waste. heat from

the turbine to heat the compressed gas leaving the compressor — thus reducing the heat required
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in the combustion chamber or heat addition regions. It appears that some advantages could

accrue from indirect firing. A principal advantage, based on a Escher Wyss patent, would be

that by varying the density of working fluid in the plant, the power level could be varied

and operate within the most efficient operating modes. In support of these concepts, a program

of heat transfer apparatus development has been carried out in parallel to the gas turbine

development, and information for certain applications has been obtained. For instance, the

work that has been done on small gas turbine power plants for motor cars, in general, is based

on the use of a recuperator. Chrysler, Ford and others associated with this industry have

completed considerable development work in this area. All designs employ the open cycle,

i. e., fresh air is brought into the compressor and the products of combustion are discharged

after leaving either the turbine or the recuperator.

Experience with the closed cycle has been limited in this country—probably to just one plant,

the ML-1 Portable Nuclear Reactor Generating Plant, which has been developed by the

U. S. Army. Appreciable work has been completed in Germany and Switzerland on closed

cycle plants.

Due to the advantages of having the heat transfer apparatus operate at elevated pressure, the

physical size of the turbomachinery tends to be smaller than in open cycle plants. This has

led in the past to reductions in efficiency which may not have been anticipated, and which

have severely impaired the attainment of design objectives.

Brayton Cycle Lunar Power Generation

The Brayton cycle as applied to space power generation and particularly to the lunar environ-

ment has, from a conversion equipment standpoint, three principal problem areas. The first is

with performance. In the applicable Brayton cycle, upwards of 70 percent of the power

generated in the turbine does not reach the generator. This amount of power is absorbed in

driving the compressor and indirectly in forcing the working fluid through the three principal

2-99



MM-

heat exchangers—the heat source, the recuperator and the heat-sink i(or; radiator). 'Because

of this, a small change in the efficiency of any or all of these components^canTesult in'a

marked change in the performance of the overall plant. This has resulted in a1 great effort

aimed at performance development in the gas turbine Brayton cycle. However; much'of this

effort has been in sizes appreciably larger than we are considering. Of equal importance in

the case of Brayton cycle components is that no. large step-changes or breakthroughs in

component efficiencies are likely over what appears reasonable at the. present'time. As stated

earlier the substantial work done in thisarea indicates that there are upper limits in achievable

efficiency which are very nearly being approached. Each percentage point gain in component

performance will be hard to come by. .

The NASA-Lewis program within the next several years will extend the size of this machinery

to an area appreciably below that.in which we are interested and, therefore, will permit

much more realistic evaluation of performance potential. .

The performance degradation in small size Brayton cycle turbomachinery is due to two factors.

The first factor is associated with the reduced Reynolds number as the sizes decrease. The

second factor is associated with the failure in these very small sizes to maintain good

geometric similarity to the larger size prototype. Although these two effects have not been

adequately evaluated, there is sufficient overall.Reynolds number information to inform us

that the effects in the size of interest to us are real but tolerable. Reference 7 gives one of

many analyses of Reynolds number effects which might be expected. This particular analysis

deals with a family of small centrifugal compressors which are of particular interest in this

work. The effect of failure to scale properly, with inherent manufacturing difficulties as we

go to smaller sizes is not completely understood.
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As analysis of a method for predicting closed cycle turbomachinery performance is discussed

in Closed Brayton Cycle Turbomachinery Performance Analysis, and correlated to the ML-1

turbomachinery performance, indicates a substantial dropping off which can only be explained

by failure to scale geometrically as the physical size of power turbomachinery components

decreases.

In gas turbine plants of the same output, the,Reynolds number (with consistent geometry,

working fluid, etc.) will vary directly as the square root of the pressure. From Reynolds

number criteria alone, one would, therefore, expect better performance from the turbo-

machinery at the same rating from a closed cycle (high pressure) plant than from an open

cycle plant. A possible explanation is contained in the following logic.

As you reduce power output and physical size of a power plant, the cost must reduce with it

for most normal applications. Basically this means many shortcuts are taken in scaling to

small sizes of turbomachinery. If it is truly important to achieve high component efficiencies

(and in an application such as ours this is the case), it appears that much better results

should be expected in the small sizes than have been achieved so far. Even with the lack of

directly applicable data it would not appear unreasonable to tentatively assume for a 100 kw

plant level a compressor efficiency of about 80 percent and a turbine efficiency of about

85 percent, these estimates agree with those postulated in Reference 2.

The second major problem has to do with structural material integrity and particularly with

the problem of excessive creep in the turbine. This creep would result in rubbing if

sufficiently large clearance were not allowed to start with. Because of the necessity for

radiating waste heat rather than using a simple heat sink (such as the water available on

earth), and particularly because of the high ambient temperatures in the lunar day, it is

necessary for any reasonable efficiency to operate a space lunar Brayton cycle gas turbine

at high turbine inlet temperatures. In fact, it is desirable to operate for periods of tens of
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thousands of hours at the same turbine inlet temperature used in current aviation engine practice

for takeoff in the most modern gas turbine engines. On the surface, this is obviously impossible

without a major breakthrough in the state-of-the-art.

In fact, however, this operation is not nearly as difficult as it seems because of the following

factor. The aviation gas turbine is an air-breathing machine which has an oxygen-rich

combustion chamber so that the products of combustion entering the turbine at high temperature

have a considerable excess of oxygen. This means that materials used in the turbine must be

highly corrosion-resistant and particularly highly oxidation-resistant. The refractory metals,

which show, far greater high temperature strength properties than the super alloys currently

used in aviation gas turbines, are extremely susceptible to oxidation and cannot be used at

high temperature in the presence of even a very small part of oxygen.

However, the lunar Brayton cycle plants would operate with an inert gas as working fluid. If

the concentration of oxygen in this inert gas can be held to a low enough value (and this is

believed possible), then refractory metals with their extremely high strength properties can be

used in these gas turbines and turbine inlet temperatures in the order of 1800 F are not on the

surface impractical. However/ it must be remembered that there is little creep data for these

materials for periods of operation above 1000 hours.

The third principal problem area has to do with the bearing and seal system. There are two

possible approaches to this problem. The first is to use hydrocarbon lubricated bearings, either

anti-friction or oil film (either of which is a well known technology), along with a seal system

(based on an unknown technology) which must keep the leakage both of the inert gas and the

lubricant to a minimum. Otherwise, the inert gas and lubricant must be allowed to mix and

then be separated, probably by refrigeration (which appears impractical), before they can be

returned to their respective reservoirs.
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The second approach would be to use gas bearings, using the working fluid as a lubricant in

dynamic or hydrostatic bearings. These bearings require extremely small clearances, and

although they have been used very successfully for light loads at ambient temperatures, it is

believed that the development effort required to permit their use under the conditions of

thermal distortion that exist in the high transient temperature field of a Brayton cycle gas

turbine would require a substantial improvement in the state-of-the-art. It is questionable

whether these problems can be solved in time for a lunar base reactor plant.

Another problem inferred by earlier discussions which must be faced in construction of closed

cycje Brayton systems' is matching of the system—a task which can only be done ultimately by

the cut and try process during integrated system testing. This task postpones a major potential

problem until the late stages in plant development—an undesirable feature when a very tight

schedule is to be met.

CONCLUSION

In conclusion, it can be said that a huge expenditure of development effort has been made in

the development of the gas turbine Brayton cycle. However, it appears that only a small

amount of this effort is applicable to the problems which will appear in the application of the

Brayton cycle to the lunar base reactor plant and a large engineering development effort will

be required to achieve a satisfactory plant. To embark on this development the Brayton systems

must clearly show advantages in performance and growth potential as required by the lunar

application in order to be selected as the reference plant design.

THE ML-1 PLANT

Objectives of the Program

The main objective of the Army Gas-Cooled Reactor Systems Program is to develop plans,

specifications and a prototype unit for a mobile nuclear power plant suitable for military
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field use. The significant projects under the AGCRSP program included the design, develop-

ment and test of a gas cooled reactor heat source and the operation of the reactor in a test

facility; the parallel development of a Brayton Cycle (closed) secondary system; and finally

the operation and test of an integrated prototype power plant. The ML-1 reactor achieved

initial criticality in March 1961 at NRTS. Operation of the power plant was achieved in

September 1962. The ML-1 reactor and power conversion equipment are transportable on

standard army trailers, railroad flatcars, barge, ship, or large transport aircraft. For such

transport the complete plant is divided into separate packages holding: the reactor, the power

conversion equipment, and the auxiliary equipment.

CONCEPT DESCRIPTION

The ML-1 reactor power plant is a closed loop Brayton cycle power conversion system using a

gas-cooled, water-moderated reactor as a heat source. The working fluid, nitrogen or air,

passes through the reactor where it is heated from 800 F to approximately 1200 F. From the

reactor, the working fluid passes directly to the turbine (direct cycle) which provides power

for both a 60 cycle generator and the compressor unit of the system. The turbine and

compressor are on a common shaft. From the turbine the fluid enters a gas-to-gas recuperator

and then goes to a gas-to-air heat exchanger where the cycle waste heat is dissipated to the

atmosphere. From the precooler, the working fluid then goes to the compressor and ultimately

back to the reactor through the secondary side of the recuperator. Table 2-9 lists a summary

of general system design characteristics.

Reactor and Shield

The reactor design selection was governed by tight requirements for shutdown radiation dose

rate and overall package weight. A water-moderated, gas-cooled reactor concept in conjunc-

tion with a direct cycle Brayton power conversion system was selected as best meeting require-

ments to minimize plant weight.
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TABLE 2-9 - GENERAL SYSTEM DESIGN CHARACTERISTICS

Design performance at 100° F

Gross electrical output
Net electrical output

Reactor thermal power

Cycle efficiency
Plant thermal efficiency
Coolant flow

Dose rate at control cab at 500-ft during
full power operation
Dose rate at 25 ft, 24 hr after shutdown
(direction of transport vehicle driver with
P-C skid in place)
Overall plant dimensions

Overall plant weight and dimensions

Reactor package :

Power conversion package

Control cab
Auxiliary equipment

Operating supplies (startup and 90 day
operation):

Demineralized water
Nitrogen (with 0.5 vol% oxygen)

Oxygen

Anhydrous boric acid (B0OQ)
Z o

Mixed bed ion exchange resin
Lubricating? oil

Filter elements

Plant startup time
Auxiliary power requirements

Pre-startup . .

Normal startup
Normal shutdown

Emergency shutdown

Reactor drying
2-105

400 kw . . . . . . . . . . . . :
330 kw .

2. 9 Mw to gas; 3.3 Mw total
13.3% ' : ' ' . ' ' ' -' ' ' ,

10% ' - . ' • ' • ' ""••' ' • '
92..000 Ib/hr

5 mr/hr .(with expedient shielding
as needed)
15 mr/hr

279 x 113 x 93 in. high
Weight, Ib Dimensions (in.)

30, 000 111 x 110 x 93 high (plus
ion exchange column on

end)
30,000

6, 500
15,000

168 x 113 x 93 high

145 x 82 x 81 high

2900 gal

2400 scf

200 scf .

1200 Ib
900 Ib max.

60 gal

7

12 hr

30 kw max.

75 kw max.

45 kw max., 3 kw ave
None

36 kw max.
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The reactor core consists of 61 fuel elements through which the nitrogen or air coolant flows

at a pressure of approximately 300 psig. The coolant is heated to 1200 F from the 800 F at

which it enters the core. The fuel elements are contained in pressure tubes that are surrounded

by slightly pressurized, demineralized water and are enclosed in a heavy metal reflector shield.

Each fuel element contains 19 pins, 18 of which are fueled. Fueled elements have 22-inch

long sections fueled with ceramic pellets. In six of the pins, the pellets are highly enriched

UCX; in the other twelve, LICU diluted with BeO. The pins are clad with Hastalloy X tubing

and contained within an insulated, stainless steel jacket. The 61 stainless steel pressure tubes

that separate the nitrogen coolant from the moderator water are arranged in a triangular

lattice between the 55 tube-sheets. The reactor is controlled by six pairs of semaphore type

tapered, neutron-absorbing blades that are inserted in the water passages between fuel elements.

The core assembly is surrounded by a gamma shield and is submerged in an aluminum task which

is filled during operation with a boric acid solution to provide neutron shielding. Tables

2-10.: through 2-19 summarize reactor system parameters.

Power Conversion System

The power conversion equipment in the primary circulatory system includes a 60 cycle generator

driven by a turbine, a compressor driven directly by the same turbine, a regenerative gas-to-gas

heat exchanger (recuperator) to improve the thermodynamic cycle efficiency, and a gas-to-air

heat exchanger (precooler) to dissipate the cycle waste heat to the atmosphere. A starting

motor, coupled through the alternator to the T-C set provides the capability for startup and

controlled shutdown of the power plant. Decay heat generation following reactor scram is

accommodated by the coastdown of the T-C set and the heat removal capacity of the water

moderator in the system. During operation, the only radioactive waste product released from

the plant is gaseous coolant leaking through imperfect seals and piping joints. This gaseous

release, monitored by standard instruments will be maintained at a minimum level by :

curtailing plant operations, if necessary, to prevent undue radiological hazards in the area.

Table 2-20 through 2-24 summarizes the design parameters of the power conversion system.
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TABLiE 2-10 - REACTOR THERMAL CHARACTERISTICS

Power density , -

Maximum heat flux.

Average heat flux
Heat transfer surface
Maximum to average heat flux ratio

Axial

Radial
Maximum fuel center temperature
(including hot spot factors)
Maximum moderator temperature

Maximum surface temperature of fuel
cladding (nominal, average)
Maximum surface temperature of fuel
cladding (including hot spot factors), reference

700 kw/ft .

140, 500 Btu/hr/ft'2

78,200 Btu/hr/ft2

126.5ft2

1.5
1.2
2160°F (BeO-UCO
2650° F (UO2)
JL90°F

1520°F .

1750°F
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TABLE 2-11 - REACTOR NUCLEAR CHARACTERISTICS

Average thermal neutron flux (fuel)

Average fast neutron flux (fuel)

Maximum: average thermal flux ratio

Hydrogen to U-235 atom ratio

Core buckling

Fermi age
2

Square of thermal diffusion length, L

Thermal utilization, f

Infinite multiplication factor, k

Neutron lifetime

keff, cold, clean core; no shims or
burnable poison

Operating keff, cold, clean core, with shims
and burnable poison

Core life, full power

Burnup (U-235), average

Maximum

Prompt temperature coefficient, Ak/k-°C

at 0° C

at 90°C

12 2
1. 9 x 10 neut/cm -sec

13 2
1.7 x 10 neut/cm -sec

-2

3.9

40

0. 0059 cm

60cm2

2.05cm2

0.75

1.54

1.9.x 10~ sec

1.067

1.014

3000 hr min; 10,000 hr design

3.6% in 10,000 hr

6.5%

+0.3 x 10

-0.5 x 10

-6

-6
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TABLE 2-12- REACTOR VESSEL

Materials

Tube sheet

Pressure tubes

Source tube

Gas ducts and plenums

Baffle

Outside diameter

Overall height

Pressure tube length

Design pressure

Design temperature

Wall thicknesses

Source tube

Stainless steel, Type 304,
2.94 in. thick

Stainless steel, Type 321

Stainless steel, Type 321

Stainless steels, Types 304-L,
321, and 347

Stainless steel, Type 321, tungsten
and Inconel X (springs)

30. 960 in. max. (exclusive of
upper flanged connection)

79.5 in.

24 in. between inside surfaces of
tube sheets

345 psia (gas)

525°F (max.)

Tubes 0.020 in.
Plenum 2.12 in. min

0.020 in. wall thickness; 0.500 in.
OD
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TABLE 2-13 - REFLECTOR

Composition, top

Bottom
Radial

Total heat generation

Maximum power density

2 in. H~2O; 4.5 - 5.0 in. stainless
steel; 1.5 in. W
3-4 in. stainless steel; 3 in. W
1.8 in. Pb; 2 in. W; 180° segment
4 in. Pb; 180° segment

6 x 105 Btu/hr
360 Btu/hr-in.3
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TABLE 2-14 - BIOLOGICAL SHIELDING

Composition 3-1/2 to 4 in. lead and tungsten,
plus 30 in. of borated water (10%
boric acid)

A I 2-m
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TABLE 2-15 - CORE (EXCLUDING REFLECTOR)

Diameter

Height

Number of fuel elements

Number of coolant passages

Number of coolant passes

Type of geometry of fuel elements

Cold, clean critical mass, U-235, no shims,
no burnable poison

U-235 loading

Enrichment, inner 6 pins

Outer 12 pins

Core composition

Materials

uo2

BeO

Stainless steel

Hastelloy X

H20-

Insulation

Gas void

) Total

22 in. equivalent

22 in.

61

Clusters of 19 pins (18 fueled)

37 kg

49 kg

93% U-235 as UO2

31 vol% UO2, 93% enriched U-235
69 vol% BeO

Volume %

4.3

3.3

3.6

7.0

58.6

7.0

16.2

100.0
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TABLE 2-16 - FUEL ELEMENT

Dimensions

Fuel material

Number of pins per element

Pin outside diameter

Pin cladding material

Pin cladding wall thickness

Pin spacer

Heat transfer material (pin internal)

Pellet diameter

Type burnable poison

Reactivity worth of burnable poison

1.72 in. OD x 32 in.

BeO-UO0 (outer pins); UO0 (inner
• » & £ 'pins)

19 (12 w/BeO-UO2; 6.w/UO2; 1 .
empty)

0.241 in.

Hastelloy X

0.030 in.

0.040 in. OD Hastelloy wire

H e - . . . - :

0.176 in. (nominal)

Cadmium

0.6% at startup
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Type
Location

Number: Shim blades
Safety blades
Regulating blades

Absorber material: Safety and shim blades

Dimensions (each blade)

Regulating blades

Dimensions (each blade)
Cladding material

Reactivity worth of control elements:

Safety and shim blades
Regulating blades

Total

Actuating time for regulating blade:

Drive

Scram

Safety and shim actuator:
Drive

Scram

Tapered blades

Moderator

3 pairs (3 actuators)
2 pairs (2 actuators)
1 pair (1 actuator)

5 wt% Cadmium-
15 wt% Indium-
80 wt% Silver
4 x 10.5 x 0.25 to 0.62 in.

Stainless steel
4 x 9 x 0.25 to 0.62 in.

None

0.058 Ak/k
0.004 Ak/k
0.062 Ak/k

13.3 sec for full insertion or
withdrawal
0.35 sec (max.) for full insertion
from signal

4.0 min for full insertion or
withdrawal
0.35 sec (max.) for full insertion
from scram signal
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TABLE 2-18 -' MODERATOR

Type

Reactor inlet temperature

Reactor outlet temperature

Pressure

Flow rate

Type of flow circulation

Purity:

Total solids

Resistivity

Total heat removal rate

Water

180° F

190° F

30 psi max.

300 gpm

Forced

1 ppm

105 to 106 ohm-cm

1.5 x 106 Btu/hr

2-115



^-x-^1. • rir\rik. iTi A
•**>, K..̂  '

stronucleai*
'

TABLE 2-19 - REACTOR WORKING FLUID FLOW

Working fluid

Reactor inlet temperature

Reactor mixed-mean outlet temperature

Average velocity in core

Maximum velocity

Inlet pressure

Core AP
Reactor AP

99.5 vol% N
(nominal)

800°F nominal

1200° F max.

160 ft/sec

180 ft/sec

315 psia (max.)

15 psi
22 psi

0.5 vol%
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TABLE 2-20 - POWER CYCLE

Type

Total volume of working fluid system

Total system working fluid inventory full
load at 100° F

Working fluid transit time

Cycle characteristics:

Ambient temperature

Net power, kw

Reactor inlet, °F

Turbine inlet, ° F

Compressor inlet, ° F

Compressor inlet, psia

Compressor outlet, psia

Reactor inlet, psia

Brayton cycle with regeneration

120 ft3

52 Ib .

2.0 sec

100° F

330

791

1200

132

117

320

313

0°F

330

597

990

24

93

294

288

-65° F

330

597.

990

24

93

294

288
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TABLE 2-21 - TURBINE-COMPRESSOR SET

Speed, rpm

Turbine stages

Turbine rotor material

Turbine blade material

Turbine stator blade material

Expansion ratio

Compressor stages

Compressor material

Rotor shaft

Compressor ratio

Case material

Seals

At journals

Interstage

Shaft

Bearings

Journal

Thrust

Support

Stratos t-c Set

18,338

2

Incoloy 901

Inco 713

Inconel

2.38

2

Al355 T71

SAE 4340

2.72

304 stainless steel

Buffered labyrinth

Plain labyrinth

Buffered labyrinth

Tilting pad

Kingsbury type

Overhung turbine

Clark t-c Set

22,000

2

Incoloy 901

N 155

N 155 or 19-9DL

2.38

11

403 stainless steel

SAE 4340

2.72

304 stainless steel

Buffered labyrinth

Plain labyrinth

Double "L" ring seal
oil buffered

Plain babbitt

Kingsbury type (in low
pressure area)

Turbine and compressor
supported between
bearings
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TABLE 2-22 - ALTERNATOR
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Output

Rating

Voltage

Rotor shaft speed

Case

Diameter, maximum

Length, without starting motor

Length, with starting motor

Weight, alternator only

Weight, starting motor

Temperature, operating (hot spot)

60 Cycle Operation

500 KVA 3 0

2400/4160 V

3600 rpm

50 Cycle Operation

417 KVA 3 <f>

2000/3467 V

3000 rpm

40.25 in.

30 in.

35.5 in.

5900 Ib

400 Ib

300°F internal max.
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TABLE 2-23 - RECUPERATOR

Length (including insulation)

Outside diameter (including insulation)

Headers

High pressure inlet

High pressure outlet

Low pressure inlet

Low pressure outlet

Effectiveness

Pressure loss

High pressure Ap/p

Low pressure Ap/p

Type

Tubes

Shell

Surface

Materials

81 in.

49.25 in.

8 in.

8 in.

20 in.

14 in.

79%

2.5%

0.85%

Shell and tube regenerator

4 passes x 840 tubes

1 pass

External fins

300 series stainless steel
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TABLE 2-24 - PRECOOLER, MODERATOR COOLER AND OIL COOLER ASSEMBLY

Dimensions:
Length, overall
Precooler
Moderator cooler

Oil cooler
Width

Thickness, overall
Core
Fans and plenums

Materials

Tubes and fins
Headers

Weight
Precooler:

Header, inlet
Header, outlet

Effectiveness

Total Ap/p
Air flow
Type
Tubes
Surface

Moderator cooler:
Headers, inlet and outlet
Total A p
Water temperature

In

Out

Air flow

Type
Tubes

Surface

166 15/16 in.
122 5/16 in.

32 1/8 in.
11 5/16 in.
113 in.

32 in.

15 in.
17 in.

Series 1100 aluminum
Series 2219 aluminum
6500 Ib

One, 14 in.
One, 10 in.

90%

3.25%

247, 500 Ib/hr
Fin fan air-to-gas exchanger
1105 tubes, single pass
Internal and external fins

4 in.

2.77 psi

190° F
180° F

73,2501b/hr
Fin fan air-to-water exchanger

88 tubes per pass, three passes
External fins
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TABLE 2-24 - (continued)

Oil cooler:

Connections, inlet and outlet

Total Ap

Oil temperature

In

Out

Oil flow

Air flow

Type

Tubes

Surface

1 1/2 in.

9.38 psi

180° F

150° F

18, 900 Ib/hr

27,500 Ib/hr

Fin fan air-to-oil exchanger

45 tubes, 2 passes

Internal and external fins
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The system is now in operation, but, due to difficulties with the power conversion system, the

plant has not yet generated design output of 330 KWe. The maximum plant output to date has

been approximately 250 KWe at heat rejection temperatures considerably below the design

heat rejection temperature of 100 F.

THE MCR PLANT

Objective of the Program

The objective of the MCR (Military Compact Reactor) Project is to develop the technology for

and produce the prototype of a transportable electric generating plant utilizing a fission heat

source. This plant is intended for field use to supply electricity as required for a variety of

military missions; hopefully, the plant can be adapted to furnish propulsion power for vehicles

of the overland-train type, although this application has low priority. The immediate and

definite objective is to develop a plant to deliver 3 megawatts of electrical power (with the

ambient temperature 60 F) to a load with a 0.8 power factor. The complete plant weight is not

more than 120,000 pounds with individual package weights not to exceed 30,000 pounds and

8 ft 9 in. high, 8 ft 9 in. wide maximum, with a maximum of 25 ft long. These limitations are

derived from the Berne clearance limits for rail shipment, the capability of the M-172 A trailer

for highway shipment, and the requirements of the C-130 A cargo plane for air equipment.

CONCEPT DESCRIPTION

General Description

The Military Compact Reactor system is an indirect cycle plant. The heat source is a nuclear

reactor from which heat is removed by a closed forced circulation loop in which liquid potassium

is used as the heat transfer medium. Heat is removed from this loop in a heat exchanger and

transferred to air, which is the working fluid of the power conversion unit. The prime mover is

an air turbine driving a compressor (and the electrical generator) arranged with the heat

exchanger in a Brayton process (or "open Brayton cycle"). Because this process discards and

replaces its working fluid continuously, no heat sink is required; for the same reason, the plant
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as a whole is not suitable for use on the lunar surface. The technology of the reactor and

primary system is, however, adaptable to the design of equivalent components of.a lunar surface

reactor power plant. Consequently, detailed information presented here is limited to the

reactor core, shield, vessel and primary coolant loop, and the auxiliaries of these subsystems.

For orientation purposes, however, a brief summary of overall power plant characteristics is

included in Table 2-25; the reactor characteristics are summarized in Table 2-26.

Reactor Core

This fast spectrum reactor is UO«-fueled BeO-reflected, and its core is made of individually

clad fuel .rods arranged.in a right circular cylinder 15 inches in diameter and 15 inches high;

unfueled portions of the fuel rods make them approximately 20 inches long. Two basic core

designs are being considered, one being based on UO~ ceramic fuel and the other being based

on UO^-Cb (or UO^-Mo) cermet fuel. In both designs the fuel is highly enriched UCX, the

fuel cladding is Cb-lZr alloy, and the core structural components are type 316 stainless steel.

Table 2-2 summarizes .the important design parameters of the two alternatives being considered.

At the.MGR power level, core size is established by nuclear considerations rather than heat

transfer to the coolant so the diameter of the fuel pins is determined by their internal design

and temperature limitations. The UO« ceramic fuel pins are only 0.264 in. in diameter;:in

these heat is transferred through a filling gas (helium) from;the ceramic pellets.to the cladding,

which is 0.015 in. wall tube. The UO~ cermet fuel pins are 0.497 in. in diameter; in these

heat is transferred by conduction through a metallurgical bond between .the cermet and the

cladding. Both types of fuel rods contain BeO segments at each end to serve as axial reflectors

for the core. Other than diameter, an additional difference is that the UO« ceramic fuel

elements contain a void space for the accumulation of fission product gases, while the UO«

cermet elements do not have such a reservoir.

Additional information about the core design is summarized in Table 2-27.

Control System

The cope is surrounded by a radial reflector 5 inches thick made of massive BeO sections.
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TABLE 2-25 - PRINCIPAL PERFORMANCE AND DESIGN DATA

(60° F day is the design point of the plant)

OVERALL POWERPLANT

1. Plant Life

Core
Other components

2. Power and Heat Balance

Ambient Temperature

Net Power Output
Generator Losses

Shaft Power to Main Generators

Shaft Power to Auxiliary Alternators
Reduction Gear Losses
Gross Engine Output
Engine Thermal Efficiency

Heat Transferred in Primary HX
Heat Lost in Afterheat HX
Heat Lost Through Primary Loop
Insulation

Heat Added by Primary Pumps
Reactor Heat Transferred to Primary
Coolant
Gamma and Neutron Heating in Shield
Total Reactor Power

3. Principal Temperatures
Reactor Exit (average)

Reactor Inlet
Turbine Inlet

Compressor Exit
Compressor Inlet

5, 000 equivalent full power hours

25, 000 hours of operation

Units

kwe
kwe
kwe
kwe
kwe
kwe

kw..th
kw..th
kw,.th

kw

to,

kw

mw,uth

oF

O F
OF
O TJ*

O "O

-65° F

3000

160

3160

170

35

3365

0.218

15,440

40

60

-100

15,440

260

15.70

1277

963

1160

432

-65

50° F

3000

160

3160

170

35

3365

0.228

14, 760

40

60

-100

14,760

240

15.00

1500

1200

1400

595

60

100° F

2270

135

2405

170

25

2600

0.204

12, 740

40

60

-100

12, 740

210

12.95

1500

1241

1400

635

100
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TABLE 2-25 r (continued)

Size and Weight

Width and Height (all packages)

Overall Length (assembled end to end)

Estimate Gross Weight (all packages)

Plant Control Mode

Engine-Generator Speed

Reactor Power

Units

in.

ft

Ib

stronuclear

96 x 92

65 ft 0 in.

116,700

Held constant by HX bypass
valve

Matched to engine power by
control drums, holding con-
stant flow
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TABLE 2-27 - SUMMARY OF REACTOR DESIGN DATA

Recommended Concepts

General

Nominal

Heat Transferred to Primary
Coolant

Heat Transferred to Shield

Core

Lifetime

Diameter

Length (fueled)

Length (overall)

Composition, Volume Fraction

Fuel

Moderator

Coolant

Clad and Structure

Maximum-to-Average Power
Ratio

Fuel

Material

Initial Loading (U)

Enrichment (U-235)

RodOD

Number of Fuel Pins

Cladding Material

Cladding Thickness

Fuel-Clad Bond

Maximum Fuel Irradiation

Maximum Central Temperature

Maximum Clad Temperature

Heat Transfer Surface Area

Units

^th
kw

kw

mwd

in.

in.

in.

kg

%

in.

in.

in.

mwd/tonne

°F

°F

ft2

Ceramic

15,000

14, 760

240

3125

15

15

-21.2

0.615

None

0.217

0.168

1.3**

uo2

235

47

0.264

2520

Cb-1 Zr

0.015

Helium

13,300

2700

1610

218

Cermet

15,000

14, 760

240

3125

15

15

19

0.754

None

0.163

0.083

1.3

70% UO2-30% Cb
or Mo

206

75

0.497

750

Cb-1 Zr or Mo

0.010

Metallurgical
Bond .:•'• .

15,170: y'

2350 ;: ; •;'
1645

122
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TABLE 2-27 - (continued)

Spacing Between Pins

Average Heat Flux

Maximum Heat Flux

4. Moderator

Material

5. Coolant

Material . _ . . .

Inlet Temperature

Outlet Temperature

Velocity in Core

Nominal Pressure

Flow Area

Heat Transfer Coefficient

Pressure Drop Across Vessel ft

6. Control Drums

Number

Diameter

Height

Poison Material

Coolant (K) Volume Fraction

7. Reflector

Inner Layer

Materials

Thickness

Outer Layer

Materials

Thickness

Units
Recommended Concepts

Ceramic Cermet

in. 0.020

BTU/hr-ft 230,000

BTU/hr-ft2 300,000

0.021

412,000

536,000

ft/sec

psia

ft2

BTU/hr-
ft2-^

psi

in.

in.

v/o

in.

v/o

in.

2-131

Thick BeO in Thin BeO in
Reflector, none Reflector, none
in Core in Core

K-39f

1200

'1500

22.5

100

0.27

16, 000

39

10

5

19.5

0.10

BeO (80);

SS(10)'

2

BeO (75);
K(10);SS(10);
B]OC(5)

3.5

K-391

1200

1500

30

100

0.20

14,500

40

10

5

19.5

0.10

BeO (80);

SS(10)

2

SS(85);
KUO);
B|°C(5)

3.5
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TABLE 2-27 - (continued)

Recommended Concepts
Units Ceramic Cermst

8. Nuclear Data

Initial Loading of Fuel

Initial Loading of U

Initial Loading of U-235

Fuel Enrichment

NH

H/U-235 Atomic Ratio

Prompt Reactivity Coefficient

Control Drums Worth (K)

Initial Excess Reactivity
Requirements (K)

9. Pressure Vessel

Outside Diameter

Height (overall)

Wall Thickness

Neck Height

Material

">7,zles

Inlet

Outlet

kg

kg

kg

%

atoms of
H/cm3 of
YH

10~6

%

%.

271

235

110

47

None

None

-3 to -6

10

5

324

206

154

75

None

None

3̂ to -4

9.6

2.5

in.

in".

in.

in.

26.88

40.0

0.44

-_

in.

in.

* A t 3 . 0 m w plant output on 60°F day
c

**Requires variable fuel enrichment loading

tK-ii9 + 0.07%K-41

tt Including shield plugs in nozzles

26.88

37.75

0.44

Stainless Steel Stainless Steel

1-8

1-8

1-8

1-8
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canned in stainless steel. Within this reflector annulus are 10 control drums, rotatable about

axes parallel to that of the core. Approximately 40 percent of the volume of each drum

consists of B,C in the form of stainless steel-clad pins; the remaining volume of the drums is

BeO. The drums are rotated by individual drives so that the neutron absorbers, the B ,C pins,

are removed from the periphery of the core and are replaced by reflector material.

Reactor Vessel and Coolant Loop

The entire reactor is enclosed in a pressure vessel of type 316 stainless steel. The pressure

vessel lengths are slightly different from the two core designs, but otherwise the vessels are

the same. The vessel is somewhat protected from neutron irradiation by the reflector annulus

and absorbers always present between it and the core, and is cooled by the incoming stream of

potassium. The vessel design, and that of the entire primary coolant loop, is based on the creep

properties of the material, type 316 stainless steel.

Additional information concerning the coolant system and auxi Maries is summarized in Table 2-28..

Shield

The shield included in the MCR plant is designed specifically for the MCR conditions and is

not directly applicable to a lunar surface power plant. It is designed for the MCR reactor

power level, it protects the environment from air-scattered radiation, and it is divided quite

arbitrarily into a removable operating shield and a fixed shut-down shield to meet the package

weight limitations.

Additional information concerning the shield design is summarized in Table 2-29.

SUMMARY • ' • . . .

The MCR program has achieved a conceptual reactor design and is in the process of selecting

a reference design. Development testing has been started on some power conversion system

components. This is consistent with the objective of testing the prototype plant in 1968.
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TABLE 2-28 - SUMMARY OF PRIMARY COOLANT

Units

General

Rating ^th
Coolant
Flow Rate .

Maximum Temperature
Differential Temperature
Maximum Pressure

Loop Pressure Drop
Coolant Velocity in Piping

Coolant Inventory
(including reactor)

Piping
Material

Number Required
Size (ID and wall:thickness)

Valves

Type
Location

Pumps ;

Type ; . - .
, Number Required
Seal

Drive

Power Per Pump

Flow Per Pump

Pump Head

Efficiency
Surge Tank

Expansion Volume
. (1/2 tank volume)

Ib/sec

°F

°F
psig

psi

fps
ft3 .

Fluid hp

gpm
psi

ft

LOOP DESIGN DATA

Recommended Concepts

14,760

K-39*

250

1500

300

115

60

25-35

15

316 SS

2 Pipe Loops in Parallel
6-in. Sch. 40

Check
Dump Inlet

Centrifugal

2
Labyrinth
400-cycle Electric Motor

46
1310
60

75

3.5

*K-39 + 0.07% K-41
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TABLE 2-29 - SUMMARY OF SHIELD DESIGN DATA

1. Assembled Configuration
Core Radius

Reflector ; ,. .

Inner Layer
Materials
Thickness

Outer Layer
Materials

Thickness

Plenum Thickness.

Pressure Vessel
Material
Thickness

Insulation
Material
Thickness

Inner Gamma Shield
(including liners)
Material
Thickness

Inner Neutron Shield
(including liners)

Material
Thickness

Gamma Shield
(including liners)

Material

Thickness

Outer Neutron Shield
(including liners)
Material

Thickness

Units

in.

in.

in.

in.

in.

in.

in.

in.

in.

in.

2-135

Recommended Concept
Radial

Midplane

7.5

Axial
Down

7.5

Axial
Up

7.5

BeO

2

BeO

3.5

—

BeO

3

SS

1.5

1.5

BeO

1.5

SS

6

1.5

0.44

Stainless Steel

0.44 0.44

Min-K (Johns-Manville),

0.5 0.5 0.5

Pb with' Al Canning

*7.9 to 6.1 6.1
**6.8to4.9 4.9

LiH with Al Canning

N/A

Pb with Al Canning

N/A

LiH with Al Canning

N/A
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TABLE 2-29 - (continued)

Shield Co- slant System

Rating

Coolaiu

Flow Rate

Pressure Drop

Pressure

Tempe-ature (inlet)

Temperature (outlet)

Inventory

Makeup Requirements for
5000-fph Operation

Expansion Volume (-65 to 250° F)

Operating "HER" Equilibrium

Shield Performance f

Operating Dose Rate at 450 ft
from Core Center Line on
Reactor

Horizontal Midplane

In Forward Direction

In Rearward Direction
Shutdown Dose Rate 12 -hr

after Shutdown (removable
shield in place)

Forward Direction 10 ft from
Core Center Line

Rearward Direction 10 ft from
Coolant System

Shutdown Dose Rate 12 hr after
Shutdown (removable shield
separated)

Units

kw

Ib/sec

psi

°F

°F

Ib

Ib

ft

w/o

mr/h

mr/hr

mr/hr

Recommended Concept
Radial

Midplane
Axial
Down

Axial
Up

240

Monoisopropyldiphenyl

20

40

0

256

280

600

Included in Inventory

0.8

25 maximum

10

10

N/A

N/A
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TABLE 2-29 - {continued)

Units

Forward Direction 10 ft
from Core Center Line

Rearward Direction 10 ft
from Coolant System

Radial
Midplane

170

590

Recommended Concept :

Axial Axial
Down Up

N/A - Not Available

*Ceramic Core
**Cermet Core
tAt 15.00 mw h, 60°F day

• - r A-A ir> c ,
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CLOSED BRAYTON CYCLE TURBO MACHINERY

Performance Analysis

Since very little data exists on closed Brayton cycle power conversion equipment, open

cycle equipment must serve as an initial basis of analysis. Figures 2-26 and 2-27 are linear

plots of various open cycle turbine and compressor efficiencies as a function of power

level of the combined turbo machinery units. These plots indicate the drastic effect of

power level on efficiency as power level decreases.

While Figures 2-26 and 2-27 are instructive, they are hard to read. Figures 2-28 and 2-29 are

semi log plots of the same data. These Figures clearly demonstrate present state-of-the-art

and the progress made in the last 10 years. It is obvious from the test units available in

1952 that much of the performance gains were made in the early 1950's. All of the impetus

of the commercial aircraft, military aircraft, and auxiliary power units has not provided a

really significant increase in component efficiency since the early 1950's. Further increases

can be expected to be even more difficult, costly, and time consuming to obtain. Systems

which propose component efficiencies appreciably greater than the envelopes of Figures 2A

and 2B should be viewed with skepticism.

A direct extrapolation of open cycle data for comparison to closed cycle systems does not tell

the entire story. It does not explain, why ML-1 turbomachinery does not appear to meet

design predictions, since if one examines the expected turbine and compressor efficiencies

at 450 (the gross design shaft power of the ML-1) one would predict a compressor and tur-

bine efficiency of 84. 5 percent and 87.5 percent respectively. The design values were

83. 9 percent and 86 percent respectively. The explanation must lie in the difference

between closed cycle turbomachinery and open cycle turbomachinery.
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The difference between the closed-cycle ML-1 turbomachinery and the open-cycle turbo-

machinery available as a basis of comparison is one of size. Figures 2-26 and 2-27 indicate

a significant size effect, in that reduced power level is uniquely tied to a reduction in

turbomachinery size. When one considers that, because of an eight-fold pressure level

increase, ML-1 is eight times smaller than an equivalent open-cycle machine of the same

power, it can be seen that considerable size effects can be encountered. The remainder

of this analysis is an attempt to evaluate these size effects and determine their influence

on turbomachinery development.

Exclusive of Reynolds number, which is taken as a secondary influence, and considering

only a single gas (thus omitting the gas constant R), the three dimensionless performance

parameters which fall out of a dimensional analysis of turbomachinery are:

P« W T ND

P = pressure

w = mass flow

T = temperature

N = rotational speed

D = characteristic dimension

For a given machine, D is not needed as a performance parameter and the subgroups become:

2 ,
W T 1 N

T.
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As explained in Shepherd's "Principles of Turbonachinery, " (p 43) Reynolds number effects,

as a first order approximation, may be neglected as a minor effect. For purposes of sim-

plicity, Reynold's number effects will be neglected during initial phases of this analysis.

While Reynolds number is often a secondary factor in comparison with other considerations,

when these have been satisfied it becomes of consequence in its effect of gaining the

final few points of efficiency. These Reynolds number effects will be treated later.

Utilizing the performance parameters developed above, a typical compressor map has been

displayed in Figure 2-30. The performance parameters establish the operating map by showing

the complete interactions among the performance parameters for a given machine. The

efficiency, however, is not described and can only be determined from the aerodynamic

design and superimposed upon the map. This map demonstrates no effect of density in the

operating performance map and indicates that mass flow is proportional to pressure. If this

is not completely obvious from the consideration of the map and the performance parameters,

a more detailed presentation of the same conclusions may be found in "Principles of Turbo-

machinery" (pp 42-43).

If all other parameters except pressure are held fixed, the fact that mass flow is proportional

to pressure or the power developed or consumed in the turbine or compressor, yields a method

to scale closed-cycle performance from open-cycle performance. This is well known from

plots similar to 2-28 or 2-29. The technique is as follows: If a given open-cycle compressor

or turbine is constructed to withstand increases in pressure and is operated in open cycle,

the efficiency of either unit may be determined from relatively well known performance

maps similar to Figure 2-30. One may also determine this power either developed or consumed

in the turbine or compressor. (Henceforth, when pressure changes are considered, all other

parameters are held fixed unless otherwise specified.) As pressure (mass flow) is increased,

the power developed or consumed in either unit increases in proportion to the pressure, but

the efficiency (neglecting Reynolds number effects) remains constant. Thus a closed cycle
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Figure 2-30. Typical Compressor Performance Map
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compressor can be expected to have the efficiency of an open-cycle compressor which pro-

duces or consumes the fraction——^—of the closed-cycle power (where P. is closed cycle

compressor inlet pressure). A similar relationship exists for a closed cycle turbine.

In theory this technique is fine, but in practice complications arise. Obtaining turbine

and compressor efficiencies as a function of gross shaft power or net electrical power is a

major undertaking. To obtain efficiencies as a function of component thermodynamic power

is impossible within any reasonable amount of time or effort. An attempt has been made

to utilize the turbine and compressor efficiencies as a function of gross shaft power of the

combined turbine-compressor units. One approximation is needed to facilitate analysis.

It can be shown that this approximation has a negligible effect upon the predictions which

can be made.

An approximation is made that parasitic power losses in bearings, seals, windage, etc., is

15 percent of the gross shaft power, and Figures 2-28 and 2-29 are reconstructed on Figures 2-31

and 2-32 respectively with the required shift in power level scale to obtain efficiencies as a

function of gross thermodynamic power.

It should be noted that scaling the power developed or consumed as a function of pressure

in the turbine or compressor is equivalent to scaling the gross thermodynamic power of Figures

2 or 3 since these powers are obviously proportional. For example, if a turbine developed

500 kw of thermodynamic power and a compressor consumed 400 kw of thermodynamic power in

the open cycle configuration, the gross thermodynamic power would be 100 kw. If the

pressure level were increased by a factor of eight, the turbine thermodynamic power would

be 4000 kw, the compressor thermodynamic power would be 3200 kw and the gross thermodynamic

power would be 800 kw. Thus, scaling either is equivalent.
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The following is an analogy of the previous scaling technique: The closed cycle efficiency

of a turbine or compressor is equal to the efficiency of an open cycle turbine or compressor

which produces a gross thermodynamic power equal to the fraction —^— of the closed cycle
1

gross thermodynamic power.

The above technique provides a first order approximation which neglects Reynolds number

effects. "The Reynolds number effects have been handled separately for axial flow.turbines,

axial flow compressors and centrifugal compressors in Annexes C, D, and E respectively:

The difficulty of evaluating Reynolds number effects is obvious from a review of the litera-

ture. The statements of AGN's turbomachinery consultant, AGN-VA 17, (p 2), are in-

corporated here as typical of statements which may be found in Clark design reports, "Prin-

ciple of Turbomachinery"and elsewhere in the literature.

To evaluate the effect of Reynolds number on the performance of the turbomachines it is

necessary to carry out tests at different pressure levels in the system. Information obtained

from such tests will make it possible to evaluate the design performance of TC sets from low-

pressure acceptance tests undertaken in an open cycle. Clark Bros., Report TS-149 shows

that the problem of correlating performance data with Reynolds number is not fully under-

stood and that available methods.cannot be applied with a sufficiently high degree of

accuracy.

Vavra's statements are of interest because they point out the need to determine the density

effects and not really the Reynolds number effect as such. It is apparent from the terms/which

make up Reynolds number, that Reynolds number effects evaluate size effects D, velocity

effects V, and viscosity effects (j, as well as density effects p. It is also obvious that size

effects are more influential factors on turbomachinery efficiency because of the associated
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leakage and bypass flow losses as well as flow and energy transfer matching problems. Thus

generalized Reynolds number correlations can only be utilized as gross approximations. These

correlations include in the most part size effects and would predict a larger Reynolds number

effect than is encountered in the expected density changes.

Only one useful reference has been found which mainly evaluates the density effects in

turbomachinery. Davis, Kottas, and Moody, "The Influence of Reynolds Number dn;the

Performance of Turbomachinery, " ASME Transactions Vol 73 (1951). This reference has :

been used with other information available in the literature to evaluate the change in ef-

ficiency expected from open- to closed-cycle operation. •'" '• '• • ' '• '- '• '••'••• '

The maximum predicted efficiency increased utilizing this data are:

Axial Flow Turbine 1%
(Ref. Annex C)

Axial Flow Compressor 5%
(Ref. Annex D)

Centrifugal Compressor 1%
(Ref. Annex E)

Table 2-30 summarizes the predictions of this analysis and the available test results.

While this confirmation of test results gives some confidence in the validity of the analysis

it is not conclusive and further confirmation would be desirable. Three other checks are

possible and are discussed in the following paragraphs.

This analysis is based upon the premise that size or volumetric flow rate is the single most

important parameter for turbine and compressor efficiencies in this power range. Based upon

this premise one can conclude from the slope of either Figure 2-28 or 2-29 that, since a turbine

has in the order of twice the volumetric flow of the compressor due to increased temperature
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level in the turbine, the turbine efficiency should always be better than the compressor

efficiency at a given power level. It can also be noted that the axial compressor curve

slope is steeper than the turbine slope. This is attributed to the more influential Reynolds

number effect in the compressor.

One can also compare the volumetric flow rate of another recently developed closed cycle

turbine and compressor and predict the efficiencies which were obtained. The turbomachinery

in question is the Helium turbomachinery developed by La Fleur Enterprises. The following

pertinent data is compared to the Nitrogen ML-1 turbomachinery:

Parameter

Ib/sec

RPM

T inlet (°F)

T outlet (°F)

P inlet (psia)

P outlet (psia)

La Fleur (He)
Turbine Compressor

ML-1

10 16

Turbine

26.4

(N2)
Compressor

26.4

19,500 22, 000

1200

1039

258

190

70

176

181

268

1200

908

291

122

134

368

118

323

As can be seen these compressors and turbines are fairly similar except for volumetric flow

rates. Compressor and turbine volumetric flow rates are compared below at average tempera-

tures and pressures.
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Vol Flow ucompressor; . ;: . He

. : Vol:

W.
He/p

He

W.

sTronuclear

3.45

turbine:-; . Vol Flow:. .
He

2.55
'Vol Flow kN,

From the curves of Figure 2-27 or 2-28, a factor of 3. 45 in volumetric flow rate is worth five

compressor efficiency points and a factor of 2. 55 is worth two turbine efficiency points.

The La Fleur compressor and turbine efficiencies are 83 and 85 percent respectively.. This

would predict ML-1 compressor and turbine efficiencies of 78 and 83 percent respectively.

It is known than a very conservative design approach was taken on the La Fleur turbo

machinery and this probably accounts for the relatively low compressor efficiency.

An independent evaluation can be made with the use of the Ford Motor Company 705

development program. This engine consists of a low-pressure and high-pressure spool

providing an over-all pressure ratio of 16:1. Thus, the low-pressure spool acts as an open

cycle 4:1 pressure ratio unit, while the high-pressure spool has the characteristics of a 4:1

pressure ratio closed cycle unit. One can use the low-pressure and high-pressure spools to

evaluate the size effects caused by increased pressure levels. For the compressor:

High pressure is 76. 7%

Low pressure is 79. 0%

Thus indicating a loss of 2. 3 efficiency points for a factor of four in pressure level. The

prediction of ML-1 compressor efficiency is then:

= 84. 5% - 8 (2. 3%) = 84. 5% - 4. 6% = 79. 9%
T
fo

T4T7

where: P for the ML-1 = 8
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For the turbine, insufficient data exists at this time to make accurate predictions, but an

obvious decrease in efficiency with pressure level is observed in the Ford 705 data.

All of these analyses indicate not only a qualitative but also a quantitative effect of

volumetric flow rate on turbine and compressor efficiency. The ease with which existing

closed cycle test results may be predicted lends confidence to the accuracy and usefulness

of the analysis in determining preliminary estimates of closed-cycle turbomachinery perform-

ance.

Tables 2-31 through 2-34 summarize current state-of-the-art in compressers and turbines.
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TABLE 2-31 - (continued)

Key to Compressor Survey

A - Boeing Airplane Co, USA

B - C A Parsons & Co, Ltd, England

C - Maschinenfabrik Oerlikon, Switz.

D - British Admirality, Pyestoch, England

E - W H Allen Sons & Co, Ltd, England

F - Metropolitan-Vickers Elec Co, England

G - Brush Electrical Engrg Co, Ltd, England

H - Elsinore Shipbldg & Engrg Co, Ltd, Den.

I - Swenska Turbinsfabrik Aktiebolaget,
Ljungstrom, Sweden

J - Metropolitan Water Board, Ashford, England

K - East African Power & Lighting Co, Ltd,
Nairobi, Kenya

L - British Thomson-Houston Co, Ltd, England

M - U.S. Naval Engrg Exp Station, Annapolis, Maryland

N- Allis-Chalmers Mfg Co, USA

O - Pametrada (Parsons and Marine Engrg Turbine
Research and Development Association), England

P - Locomotive Propulsion Committee, Dunkirk, New York

Q - Municipal Elect. Supply, Neuchatil, Switz.

R - Brown, Boveri & Co, Ltd, Switz.

S - Corp. Peruano del Santo, Chembotie, Peru

T - Laboratories Turbines a Gas, St. Denis, France
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TABLE 2-33 - (continued)

Key to Turbine Survey

A - Boeing Airplane Co, USA

B - C A Parsons & Co, Ltd, England

C - Maschinenfabrik Oerlikon, Switz.

D - British Admirality, Pyestoch, England

E - W H Allen Sons & Co, Ltd, England

F - Metropolitan-Vickers Elec Co, England

G - Brush Electrical Engrg Co, Ltd, England

H - Elsinore Shipbldg & Engrg Co, Ltd Den.

I - Swenska Turbinsfabrik Aktiebolaget,
Ljungstrom, Sweden

J - Metropolitan Water Board, Ashford, England

K - East African Power & Lighting Co, Ltd,
Nairobi, Kenya

L - British Thomson-Houston Co, Ltd, England

M - U.S. Naval Engrg Exp Station, Annapolis, Maryland

N - Allis-ChambersMfg Co, USA

O - Pametrada (Parsons and Marine Engrg Turbine
Research and Development Association), England

P - 1 ocomotive Propulsion Committee, Dunkirk, New York

Q - Municipal Elect. Supply, Neuchalil, Switz.

R - Brown, Boveri & Co, Ltd, England

S - Corp. Peruano del Santo, Chemborie, Peru

T - Laboratories Turbines a Gas, Sh Denis, France
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In "Principles of Turbomachinery" (p 335), Shepherd indicates that for axial flow turbines

there is a critical Reynolds number of about 1 x 1 0 above which the loss coefficient is ap-

proximately constant, but below which it increases rather rapidly. The existence of a critical

Reynolds number is evident from theoretical considerations. The actual value of Reynolds

number has been confirmed by test results. The ML-1 turbines have a Reynolds number of

approximately 1 x 10 in the open-cycle configuration,,

pVD = 1 13 (1100) (°5/12)

8 2708 x 10- 6
l .Ox 10~

One would, therefore, expect no significant change in turbine efficiency between.open-

and closed-cycle operation.

This conclusion is further substantiated by the work of Davis, Kottas and Moody "The Influence

of Reynolds Number on the Performance of Turbomachinery, " ASME transactions Vol 73

(1951). An extract from this article is presented as Figure 2-33. Here, Kinematic Viscosity

(u ), machine speed (U), or machine diameter (D) is varied to alter machine Reynolds

number (U D). Since most of this data is for a variation of p it is directly applicable to

the question at hand. How does a variation of density effect the efficiency of a given

turbine?

The machine Reynolds number of the ML-1 turbines is approximately 2 x 10 and 1.6x 10

for open- and closed cycle operation respectively. It is apparent that even before the critical

open-cycle Reynolds number of 1 x 10 is reached (equivalent to about 2 x 10 Machine

Reynolds number in Figure 2-33), the effect of Reynolds number (density) has diminished to

rather minor proportions, especially for the higher performance - higher efficiency turbines,

shown on Figure 2-33. It is felt that the high-efficiency turbines are more representative of

ML-1 turbomachinery than the lower performance units.
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While the single-stage impulse turbine data presented is not entirely representative of ML-1,

2 stage turbines, Shepherd in "Principl es of Turbomachinery" (p 335), indicates that single-

stage (cascade) test results show a stronger influential effect of Reynolds number on efficiency

than do multistage turbine tests. Therefore, it can be stated that the influence of Reynolds

number on ML-1 turbine efficiency will be less than or equal to the data presented here.

Utilizing the maximum turbine exponent from Figure 3C in equation (6), a maximum expected

efficiency increase can be predicted from this data of Davis, Kottas, and Moody. Assuming

that this exponent is applicable up to the critical Reynolds number for single-stage (cascade)

data 2 x 1 0 , equivalent to a machine Reynolds number of 4 x 10 in Figure 2-33 and assuming

no further gains in efficiency with further increases in Reynolds number, a maximum possible

increase of 1.5-2 efficiency points may be predicted. The actual increase for multistage

turbines must be considerably less than this since single-stage (cascade) data has been as-

sumed applicable.

The conclusion is that no significant change in turbine efficiency can be expected due to

Reynolds number effects in changing from open- to closed-cycle operation. The best estimate

in view of the data presented is less than one efficiency point.
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The following comments by Shepherd on page 408 of "Principles of Turbomachinery", are

indicative of the difficulty of correlating Reynolds number effects in axial flow compressors:

The existence of a critical value of Reynolds number has been discussed in Chap.5,

this value being of the order of 2 x 10 based on blade chord. It is difficult to

formulate any very definite rules for compressors, since the turbulence level ex-

erts an effect and variousworkers report rather different values of critical Rey-

nolds number and of the rate of increase of loss for still lower values. However,

whatever the turbulence level, a Reynolds number below 1 x 1 0 is almost cer-

tain to lead to a higher Cp., and the value should preferably be above 3 x 1 0 .

Once above the critical value, the improvement with larger values is small. The

effect of increased turbulence is toprevent separation of a laminar boundry before

a turbulent boundary layer is re-established by causing a much earlier transition

to the turbulent condition. "

The Reynolds number of the ML-1 axial flow compressor is about 1 x 10 in open-cycle

operation. Thus, no conclusions can be drawn from Shepherd's generalized comments.

Once again the work of Davis, Jottas and Moody (Ref Annex C) is useful in determining

the effects to be expected when the density of the working fluid is varied in the compressor.

Figure 2-34 shows the effect of an increase in density on efficiency in the range of the

Machine Reynolds number in question (2. 3 x 10 to 1.8 x 10 open cycle to closed

cycle respectively). One can deduce from this data (on the basis of direct applicability

of a factor of eight increase in Reynolds number) that the improvement in efficiency from

open- to closed-cycle operation could be approximately two to eight efficiency points.

We believe the prediction of an increase approximately eight efficiency points at higher

Reynolds number (from the slope of the curve at lower Reynolds number) to be unrealistic
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for the axial-flow compressor in question since it indicates a constant continuing increase in

efficiency even after the maximum value discussed by Shepherd is reached and passed.

We believe the most realistic approach to predicting a maximum expected efficiency increase

to be as follows:

Utilizing the steepest slope in Figure 2-34, find the increase in efficiency expected from an
5 5

increase in Reynolds number from 1 x 1 0 to 3 x 10 (equivalent to Machine Reynolds number
6 8

of 2.3 x 10 to 609 x 10 in Figure ID). According to the previous discussion by Shepherd,

this is about the maximum range for which an effect should be expected. This steepest curve

can be found to give approximately five efficiency points. Since the efficiency cannot be

expected to be improved substantially for further increases in Machine Reynolds number

above 3 x 10 -, a five efficiency points is a good approximation of the maximum expected

increase in efficiency in changing from open- to closed-cycleoperation.

Shepherd, discusses the effect of Reynolds number on the efficiency of radial compressors

on page 262 of "Principles of Turbo machinery. " The Reynolds number of the ML-1 centri-

fugal compressor is 4.5 x 10 and 3.6 x 10 in the open and closed cycles respectively.

Figure 6.31 on page 262 would predict an efficiency increase of three percentage points.

As discussed in the body this of analysis, this is a maximum increase since it is primarily a

measure of size (as opposed to density) effects and size effects are much more influential

than density effects on the efficiency of turbomachinery.

Figure 2-35, showing the work of Davis, Kottas, and Moody, would appear to be of small

benefit since for centrifugal compressors only tip speed (U) and machine diameter (D) are

varied and we would like to find the effect of density. However, one thing is immediately

obvious, size effects (D) are more influential than tip speed (U) on centrifugal compressors

in the range of the Reynolds number under consideration. It is known from leakage loss
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and flow matching considerations that size effects are more influential than density effects,

but how much cannot be determined from the centrifugal compressor data.

The centrifugal pump data provides a means to determine the magnitude of the difference be-

tween size and density effects« Centrifugal pumps are really only centrifugal compressors

which pressurize less compressible fluids. Figure 2-36 shows the differences between the

variation of efficiency with size and kinematic viscosity (density) and curve B-BB shows

the effect of sizec The relative slope of the two curves indicate that the size effect is about

four times more influential than the kinematic viscosity (density) effect. Thus, from either

Figure 6.31 in "Principles of Turbo machinery" or Figure 2-35, the effect of the increased density

in going from open- to closed-cycle operation with ML-1 centrifugal compressor can be

expected to be less than one efficiency point.
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; , . . - , . . G. RANKINE.CYCLE POWER/SYSTEMS -

INTRODUCTION - '

Such q vas.t amount of work .has been and is being done in the design and development of

Rankine cycle power conversion systems that even a cursory review of the development of

the technology and the state-of-the-art would fill countless volumes. It is perhaps

sufficient to say that the Rankine .cycle power conversion system utilizing a nuclear.reactor

as a heat source must be considered at the present time the primary competitor for providing

a space power supply of reasonable specific weight, where sizeable quantities of power must

be generated continuously over a long period of time. This does not imply that at some

future date other power conversion schemes such as thermionic systems or MHD systems may

not be better suited to these requirements. However, within the staterof-the-art today, the

Rankine cycle is by far the furthest developed and offers the greatest near-term potential,

for achieving power plant specific weights that make large scale power production possible

in a space environment.

Conversely, there are also many problems still to be solved in the development of nuclear

poweredM^arikine cycle space power systems. However, these problems are, for the most

part, Well defined, and programs are underway in most cases to solve them. This is perhaps

the greatest single argument for the Rankine cycle system for near-term application.

Within the general area of Rankine cycle plants, it is obvious that liquid metal systems have

basic characteristics well suited to space requirements. Because the only method of heat

rejection for space or lunar power systems is by radiation, it is obviously desirable to have

heat rejection temperatures as high as possibler—thus minimizing radiator size and weight.

Liquid metal Rankine cycle systems are very attractive in this respect and, thus, such systems

offer the potential of a much more compact, lightweight, over-all plant as compared to a
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wafer Ranklne cycle system or a Brayton cycle plant. However, just as Brayton systems can-

not be automatically dismissed in considering a specific application, neither can water

systems be summarily dismissed without examination—particularly in view of their advanced

state of development in the lower temperature ranges (below 600 F). Initially, therefore,

both water and liquid metal systems were considered as potential competitors.

In the following pages, design characteristics are summarized for various Rankine cycle

plants (and where applicable, their associated reactors) whose technologies are pertinent

to the lunar base application. Mercury, potassium and water systems are discussed in that

order. Brief summaries of related technological development work now in progress are also

included where this is of significance. No attempt is made at detailed evaluation of develop-

ment problems associated with each design, since the technologies are discussed and

evaluated in detail in Volume II - Part 2.

STATE-OF-THE-ART

The Mercury Rankine Cycle - mercury vapor turbine systems offer the best possible argument

for the use of liquid metals in the special conditions posed by space and lunar base environ-

ments. There are several decades of Central Station operating experience with mercury

turbines developed by General Electric, the SNAP 2 and Sunflower mercury system turbine

alternators have been operated and the SNAP 8 power conversion system has been designed,

although not yet operated. It has been shown by these programs, however, that the change

from water to a liquid metal can be successfully accomplished and is not an impractical or

insoluble problem. The further change which is now being undertaken, from one liquid metal

to another (mercury to potassium), is an extension of the state of the art instead of the

immensely burdensome creation of a new art.
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The expansion problems involved in operating turbines with "wet" vapors are the usual ones—

supersaturation, loss of efficiency due to liquid drag, and blade erosion if the threshold

values of blade tip speed and moisture content are exceeded. These problems are not

predominant in the small SNAP turbines developed so far. SNAP 2 and Sunflower experience

has shown that the mechanical problems of the machine and the seal leakage losses are the

major causes of difficulty and reduced efficiency. Table 2-34 compares the major character-

istics of SNAP 2, SNAP 8, and Sunflower.

Increased efficiency in any proposed machine, as compared to the SNAP 2, 8 and Sunflower

machines, should be secured by design improvement .aimed at lowering the leakage losses,

and obtaining better basic efficiency through the use of two reaction stages for the last two

stages of the turbine.

Turbine design is perhaps the most critical design area in liquid metal Rqnkine system, but is

by no means the only problem. The individual reviews that follow discuss each power

generation system within the'-context of its own design requirements, and show the degree of

development and problem areas remaining for each system.

SNAP 8

Objectives of the Program /'

The broad program objective is the'development of a nuclear powered auxiliary power unit

emphasizing a zirconium, hydride moderated reactor as a heat source and a mercury vapor

Rankine cycle power conversion unit.

Current development effort is focused fundamentally on a system from which basic operational

test data can be obtained, through operation in terrestrial test facilities which simulate the

MriPifilTliiU 2-175
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TABLE 2-34 - PLANT CHARACTERISTICS

Inlet Conditions

Temp. (°F)

Pressure (psia)

Exhaust Cond.

Temp. (°F)

Pressure (psia)

Shaft Power Produced kw

Expected Aero Efficiency (%)

Speed (rpm)

Max. Tip Speed (ft/sec)

Number of Stages

SNAP 2 Sunflower SNAP 8

1198

115

625

8.7

^O

53

36000

-400

2

1250

240

605

7.0

~4

51

40000

3

1250

265

680

16.5

5.7

63.5

12000

302

4
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space environment. The net electrical output of the reference plant will be 35 kwe, and the

system will be designed for 10,000 hours of continuous operation. Beyond this initial

objective, various items of "hardware" within the over-all plant have their own individual

development objectives looking toward a higher performance system. For example, core

design is aimed at achieving a thermal output of 600 kwt corresponding to an ultimate plant

output of perhaps 60 kwe for the space APD application.

Concept Description .

The SNAP 8 power plant is comprised essentially of four closed loops, as follows:

1..' The primary or reactor coolant loop containing a uranium zirconium hydride

" (U-ZrHi) fueled thermal reactor utilizing NaK as a coolant and heat transfer fluid.

2. The Rankine cycle power conversion loop utilizing mercury (Hg) as a working fluid.

3. The heat rejection or radiator loop also utilizing NaK as a heat transfer fluid.

rr4.. An auxiliary system containing ET-378 which provides bearing lubrication for

i ! . rotating machinery and is also utilized for auxiliary cooling where a low temper-

v; ••;• ; : • ature coolant is required.

A flow schematic showing the SNAP 8 system and its major components is shown in

Figure 2-37. The over-all requirements of the reference plant design are summarized in

Table 2-35, while Tables 2-36and 2-37 respectively summarize basic system design parameters

and the current weight estimates for the plant.

Reactor Design

The reactor core design for SNAP 8 is essentially an upgraded SNAP 2, the specific power
3 3

having been increased from 0. 18 Mw/ft for the SNAP2 to 0.94 Mw/ft for the SNAP 8, which

corresponds to an increase in thermal output from 50 kwt to 600 kwt. The reactor exit

temperature has been increased 100 F to 1300 F. The basic design characteristics for the

reactor system— core, shielding, control, vessel—are listed in Table 2-38.
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Figure 2-37 - SNAP 8 Flow Schematic
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TABLE 2-35 - SNAP 8 OVERALL PLANT DESIGN REQUIREMENTS

Power

Output Power

Frequency

Voltage

Voltage Regulation

Harmonic Content

Operating Lifetime

Envelope Size

Reliability Objective

Operating Environment

Startup - Shutdown

Shielding

35 Kw (min) at .75 P.F. lag

400 cps ±1%

120 v, line-to-neutral
208 v, line-to line

±5%

8% RMS line-to-line with full balanced
linear load at P.F. 1.0

10, 000 hours

Truncated cone 20"D x 96"D x 264" Long

80% Overall survival probability for 10, 000
hours (including meteoroid prot.)

Space vacumn Og and Ig for 10, 000 hours
3. 5g for 5 minutes (in flight thrust)
±4.5g lateral for 5 minutes

Single start-up in space - restart capability
for ground tests only. Shutdown in space.

Shadow Shield - unmanned pay loads.
Neutrons 10" nvt
Gammas 106 rods.
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TABLE 2-36 - SNAP 8 GENERAL SYSTEM DESIGN
CONDITIONS WORKING FLUID

Primary Loop

Reactor Outlet

Boiler Inlet
Boiler Outlet
Reactor Inlet

Secondary Loop

Boiler Outlet
Turbine Inlet
Turbine Outlet
Condenser Inlet
Condenser Outlet
Boiler Inlet

Heat Rejection Loop
Condenser Outlet
Radiator Inlet
'Radiator Outlet

Condenser Inlet

Cooling-and Lubricating Loop

Radiator Inlet

Radiator Outlet

Temperature
(°F)

1300

1297

1099

1100

1263

1250

680

680

505

513

665

665

495

496

245.8

210

Flow
Ib/hr

9800

9800

9800

9800

9800

9800

34, 700

34,700

34,700

34, 700

5860

5860

Pressure
(psia)

37

36

31

40

270

265

16.5

16.4

11.5

340

36

33

47

42

54

38
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TABLE 2-37 - SNAP 8 SYSTEM WEIGHT ESTIMATES

Lb

600

Nuclear System

Reactor and Control (without shielding)

Radiator System Including Structure

To be government furnished

No current detailed design work being done in
this area 3800

Power Conversion System

Primary Loop (except reactor, control and shield) 250

Boiler 530

Secondary Loop (Mercury) 140

Condenser. 70

Turbine - Alternator 295

Heat rejection loop (excluding radiator) 230

Start-up System 380

Electrical assembly 500

Structure 175

Total (Estimated weight unshielded) 7060
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TABLE 2-38 - SNAP 8 REACTOR DESIGN CHARACTERISTICS

General

Thermal Power

Reactor Inlet T.

Reactor Outlet T.

Coolant

Coolant Flow Rate

Life objective

Reliability objective

Total Weight (Core, Reflection, vessel, control)

Core Design

Active Core Diameter

Active Core Length

L/D Ratio

Specific Power

Fuel

H0 to Zr Atomic Ratio4
Rod O. D.

No. of fuel Rods

Cladding Mat.

Cladding Thickness

Fuel-Clad Gap (Initial)

Design Burn-up

Maximum Clad Surface T. (Peak)

Fuel center line T. (Peak)

Rod Spacing and Pitch

Heat flux (average)

Kg Uranium 235

Axial Reflection Thickness

Reflection Material

600 Kwt

1100°F

1300°F

NaK-78

13. 6 Ib/sec at 600 Kwt

10,000 hrs.

N 93%

600

8. 6 in.

16. 5 in.

1.92

94 Mw/ft3

Zirconium - Hydride
10. 5% Uranium
6 x 1022 H atoms/cm3

^
1.7

0. 560 in.

211

Hastalloy N (glass lined ID)

0.010 in.

0.0075 in.

4 a/o

1480°F

1580°F

0. 570 in. triangular pitch

55,000 Btu/hr. H2

7.0

None

JlECTmCTED DATA.
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TABLE 2-38 - SNAP 8 REACTOR DESIGN CHARACTERISTICS (Continued)

Shielding
Type

Material

Control
Type

No. of Drums
Material
Thickness

Axial
Radial

Vessel
Core and Vessel Material (Structural)
Vessel ID

Wall Thickness
Length

Shadow Shield - Two No. 1
LiH with enriched Li-7

Region No. 2 LiH

Drum Reflector

6
Beryllium

None
3 in.

SS
9.214
0.105
22.4
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Power Plant Design - " = , ' . - .

The power conversion system is a mercury Rankine cycle consisting of a boiler, turbine-

alternator, condenser, condensate pump, valves, seals and a mercury injection 11. 5 psia

system. Mercury enters the turbine at 1263 F and 270 psia, and leaves at 508 F and 11.5 psia.

The heat rejection loop uses NaK-78 as the working fluid, entering the radiator at 665 F

and leaving at 495 F. Detailed system design conditions are presented in Table 2-39.

CURRENT DEVELOPMENT PROGRAM

Major Problems

Major areas of development with the SNAP 8 system are as follows:

1. Containment of hL in the core at a reactor outlet temperature of 1300 F is still

not completely solved; the schedule shows a developed confinement system for 10,000

hours of operation by 1967-68. However, lifetimes beyond this time are questionable.

2. The feasibility of space condensers must be proven. Extensive design information

is needed in the areas of freeze-up, flow distribution, two phase flow pressure

drop, and condensing heat transfer. Only extensive operation in space will fully

determine extended condenser performance, although this is a problem common to

all Rankine cycle dynamic systems.

3. Extensive radiator design information must be developed. Improvements in

fabrication techniques—joining and machining—and quality control must be

developed.

4. Additional information is needed in the area of mercury boiling and stability

(chugging), boiler effects on system stability, and flow distribution in parallel

paths where boiling occur.

5. Manufacturing and reliability problems in the turbine, bearing, seal area must be

overcome as well as turbine cavitation and blade erosion.
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TABLE 2-39 - SNAP 8 POWER PLANT

No.

Type

Length

Diameter

Materials

Tubes
Shell

Tube Configuration

No. of Tubes

Tube OD
Tube Wall Thickness
Tube Length
Tube Spacing
AP Primary
AP Secondary

Weight .-.. ;
Capacity (Thermal)

Inlet Fluid State

Inlet Fluid Velocity
Outlet Fluid State

Outlet Fluid Velocity
Primary Fluid Material

Pump Motors

Type
Pressure Rise

Boiler

Counterflow once thru

42 in.

9 Cr- 1 Mo Steel
316 SS

Helically wound with
sprial ribbon turbulators

4

3/8"

0.028

60 ft.

5 psia

70 psia

530 Ib.

400 Kwt

NAK-78

Hg

Centrifugal

Condenser

Straight-once thru
counterflow

39 in.

10 in. (max)

9 Cr- 1 Mo Steel

9 Cr- 1 Mo Steel

73 tapered

1/4" Dia. at outlet

0.028 in.

4. 9 psia

6 psia

70 Ib.

370 Kwt

Hg Vapor

150 ft/sec.

Hg liquid

Few ft/sec

Hg

NaK

Centrifugal

13 psi AP
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TABLE 2-39 - SNAP 8 POWER PLANTv(Continued)

Turbine

No.

Type

Inlet T.

Inlet P.

Outlet T.

Outlet P.

Materials

Rotor

Blades

Casing

RPM.

Weight (Turbine-alternator)

Generator

No.

Type

RPM.

Weight (turbine and alternator)

Bearings (Type)

Lubrication

Cooling Fluid

Heat Rejection Loop

Radiator

Area

Type

Materials

Tubes

Fins

.Overhung-four stage impulse' ' "

1250°F:

265 Psia

680°F

16. 5 Psia

Stellite 6B

Stellite 6B

9 Mo- ICr Steel

12,000

295 Ib.

Homo-polar-inductor radial
gap, 400 cps. Aircraft type

295 ,,

Ball Bearings

ET-378

ET-378

1600 ft

Flatpanel or cylindrical

9 Mo- ICr Steel
Beryllium or Cu or SS.
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TABLE 2-39 - SNAP 8 POWER PLANT (Continued)

Weight (including armor)
Inlet Temp.
Inlet Press.

Outlet Temp.
Outlet Press.
Heat rejection Capability

Cooling and Lubrication Loop
Radiator

Inlet T.
Inlet P.

Outlet T.

Outlet P.
Fluid

1790
665° F
33 psia

495°F
12 psia

364 Kwt

245. 8°F
54 Psia
210°F

38 Psia
ET378
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6. Several materials technology problems remain, examples of which are crud forma-

tion, corrosion and mass transfer in the Hg loop. With 9M material, a 10,000 hour

power conversion system life is expected to be near the maximum achievable limit.

Schedule and Funding

The S8ER is currently operating and will continue to operate through early FY 1965 to obtain

data on the operation of the nuclear system. A development system (S8DS) will begin

operation in FY 1965 and/though not fully flight rated, is designed to demonstrate 10,000

hour capability. The first fully flight rated system (S8FS) is scheduled for FY 1968;

it will also be designed for 10,000-hour life. Two systems are scheduled for delivery to

NASA inFY 1968.

Under the old contract approximately $14. 5 million of NASA funds was spent for power plant

development. The total .value of the new NASA contract has been set at less than $50

million. AEC funding was $8.8 million for FY 1963.

Facilities

The GPTF (Ground Prototype Test Facility) in which S8DS will be operated is a modification

of an existing facility. These modifications are underway. The testing of S8FS will require

a new facility sized to accommodate a complete SNAP 8 power plant under space environ-

mental simulation. This facility is in final design. Both of the above facilities will be

located at the Santa Susana facility. Additional complete flight prototype test facilities

will be available at the NASA Plum Brook site.

SNAP 2

Objectives of the Program

The SNAP 2 program, the first program directed toward the application of nuclear reactor
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power in space, is basically oriented toward the development of the necessary technology

and systems to provide small quantities of power for use in military and scientific satellites.

The specific objective of the SNAP 2 program is to develop, test and qualify a 3-4 kw

nuclear auxiliary power unit (NAPU). The development effort is directed toward the

following objectives.. . . . . . . . ' • • " ' " ' • '

1. Unattended, automatic, maintenance-free operation for 10,000 or more hours.

2. Maximum reliability and ruggedriess.

3. Maximum safety—remote startup.

4. Maximum ease of handling and production.

5. Minimum size and weight. .

6. Maximum economy.

General Description

The SNAP 2 power plant is a two loop system which includes in the primary (NaK) loop, the

reactor, a thermoelectrically driven electro-magnetic pump, the shell side of a boiler, an

off line expansion compensator, and parasitic load heaters.

The reactor consists of the core, a beryllium radial reflector which is movable for reactivity

control, the control drum motors, and a lithium hydride shield. The NaK transfers heat to a

mercury Rankine cycle system which includes the tube side of the boiler, the turbine-

generator, a condenser-radiator, the condensate pump, regulator tank, flow regulator and

flowmeter.

This system was not designed for high performance, but aims for compactness and minimum

weight in proving the general concept. Table2-40 shows the over-all plant design require-

ments, Table 2-41 shows system weight estimate, and Figure 2-38 gives general system design

conditions. Figure 2-39 shows an expanded view of the SNAP 2 system as it will appear in

the flight vehicle.
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TABLE 2-40 - SNAP 2 OVERALL PLANT DESIGN REQUIREMENTS

Power

Output Power

Frequency

Voltage

Operating Lifetime

Startup and Shutdown

Shielding

50 kw and 4 dw(e)

1000 cps

210 L-M volts

10, 000 hours

single startup in space,
shutdown by ejection of reflector.

300 Ib LiH
50 Ib structure
neutron - 1.8 x 10^ nvt

r gamma

I
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= 45.05|W = 8 I W = 8.7 W = 20
T = 381 It = 381 T = 381 T = 1150

= 525+ IP = 156 I P = 218 - P = 115
20

NOTE:
W - Ibs/min.
T- °F
P - psia
H - Btu/lb

,K =0.209 Btu/lb-°F
CpHq= 0.03238 Btu/lb-'F
Q - 8tu/min.

•THIS TURBINE EFFICIENCY BASED ON AN EXHAUST PRESSURE OF 9.0 psia

Figure 2-38 - SNAP 2 System Flow and Energy Schematic
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NaK LIQUID 70 Ibs/min
19.60 psia 1199 "f

MaK LIQUID 70 Ibs/min
19.80 psia 987 °F

PARASITIC
LOAD HEATER

OFF-LINE NaK
EXPANSION
COMPENSATOR

NaK LIQUID
70 Ibs/min
20.05 psia
994 °F

MERCURY LIQUID
20 Ibs/min
220 psia 692 °F

MERCURY VAPOR
8.45 psia 623 °

RADIATOR
CONDENSER

NaK LIQUID 70 Ibs/min
20.33 psja 1185 °F

MERCURY LIQUID
MANIFOLD

THERMOELECTRIC PUMP

NaK LIQUID 70 Ibs/min
19.34 psia 1197 °F

MERCURY VAPOR
19.8 Ibs/min

8.65 psia 625 °F

JET PUMP SUPPLY
24 Ibs/min

MERCURY PUMP OUTLET
525 psia 381 °F

FROM PRESSURE
REGULATOR

FROM R/C LIQUID MANIFOLD
MERCURY LIQUID
19.8 Ibs/min 6.2 psia 303 °F

Figure 2-39 - SNAP 2 Flight System
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Reactor and Shield

General Description

SNAP 2 is the first of the zirconium-hydride moderated reactors whose development was

undertaken by Atomics International. The objective is to provide a reactor having the

control characteristics of a water-moderated reactor, but operating at higher temperatures

than a water system could achieve and without the heavy containment associated with water

systems.

The fuel is a hydrided uranium-zirconium afi>loy, (Zr-10U)H1 7/ clad in Hastelloy N with

an internal glass coating to reduce hydrogen loss. The core consists of 37 fuel rods each

about 10 in. long and 1.25 in. in diameter. The reactor coolant, NaK, enters the reactor

at 1000 F and leaves at about 1200 F. Types 316 and 304 stainless steel are the structural

materials. The reactor thermal power is about 50 kw and the net electrical output is

estimated at 4 kw.

Reactor design characteristics are listed in Table 2-42.

POWER CONVERSION SYSTEM

The power conversion system uses mercury as the working fluid. The turbine, the generator

and the boiler feed pump are all mounted on a single shaft and make up a hermetically

sealed combined rotating unit (CRU). The turbine is a two stage, partial admission impulse

machine whose shaft output is about 4 kw. The boiler feed pump is an open-faced

centrifugal pump relying upon a jet pump to raise the NPSH to an acceptable level; The

generator is a permanent magnet machine. Design values of the power conversion loop

equipment are shown in Table 2-43.
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TABLE 2-42 - SNAP 2 REACTOR DESIGN CHARACTERISTICS

General

Thermal power

Reactor inlet temperature

Reactor outlet temperature

Coolant

Coolant flow rate

Life objective

Reliability objective

Total weight (core, reflector,
vessel, control)

Core Design

Core diameter

Core length

L/D ratio

Specific power

Fuel

Fuel length

Fuel rod OD

No. of fuel rods

Cladding mat

Cladding thickness

Maximum clad surface
temperature

Maximum fuel center line
temperature

Heat flux (average)

Nuclear flux

Kg Uranium 235

Radial reflector thickness

Reflector material

50 kwt

1000°F

1200° F

NaK

70 Ib/min

1 year

299.2 Ib

8 in. across flats

10 in. long

1.25

0.156 Mw/ft3

10% uranium in zirconium hydrided
to 6.5 x 1022 H/cm3

10 in.

1.25

37

Hastelloy N

0.010 in.

1220° F

1250°F .

17, 000 Btu/hr-ft2

o
3.1 x 10" n/cm -sec

4.3

2.3

Be
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TABLE 2-42 (continued)

Shielding

Type

Material

Design Dose Criteria

Control

Type

Number

Material
«

Thickness

Shadow

LiH

Pivoting reflector segments

4
Be

2-3 in.

2-196
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TABLE 2-43 - SNAP 2 POWER PLANT DESIGN CHARACTERISTICS

Boiler

Number

Type

Tube material

Tube configuration

No. of Tubes

Tube OD

Tube wall thickness

AP Primary

AP Secondary.

Weight

Capacity (thermal)

Primary fluid .

Secondary fluid.

Turbine

Number

Type ;. . ....

Inlet temperature ,..

Inlet pressure .

Outlet temperature.

Outlet pressure

Materials

Rotor .

Blade

Casing

RPM

Weight (turbine and gen.)

Eff.

counter flow - once thru

Haynes 25

4 parallel helically wound

4

3/8 in.

0.020 in.

0.28psia

10 psia . .

30-40 Ib ,.

50 kw ; . . . .

NaK

Hg

2 stage impulse type

1150°F

115 psia

628°F. , . .

9 psia.

Haynes 25

15-7 Mo

Nivco 10

36,000

30

50%

:2-197
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TABLE 2-43 (continued)

Generator

Number

Type

Materials Conductors

RPM

Eff.

Weight (turbine and generator)

Bearings (type)

Cooling Fluid

Control

Heat Rejection Loop

Radiator - Condenser

Area

Type

Materials

Tubes

Fins

Weight

Inlet temperature

Inlet pressure

Outlet temperature

Outlet pressure

Flow

permanent magnet

silver

36,000

85%

30 Ib

sleeve

Hg

parasitic load

< 110 ft

truncated cone tube and fin

stainless steel

Al, Cu, or Be

269.6 Ib.

623° F

8.45 ± 0.35 psia

297°F

6.20 ±0 .1 psia

19.8 Ib/min

RCCTniOTED DAT.
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Current Development Program . . . . . . ^

A. Major Problems . . . '".•;.

Since the SNAP 2 reactor is used in the SNAP 10A system, most components are under con-

struction and/or test. The general problems with this system are the same as those discussed

for SNAP 8 except that they are less severe because of the smaller sizes of components of

the system and the lower temperatures of the plant. • '

B. Schedule and Funding

The SNAP 2 reactor is currently scheduled for flight testing in the SNAP 10A system early

in 1965, and the integrated SNAP 2 system is due for flight test in mid 1966. The funding

level for SNAP 2 was $17.4 mi 11 ion in FY 1963. .. ...
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SUNFLOWER

Objectives of the Program

The Sunflower program is directed to the development of the technology for employing solar

heat energy in generating of electrical power and the use of the technology in systems

capable of sustained operation in space. The principal specific objectives center on

development of an energy collector system light enough for space flight yet capable of

packaging for launch and deployment in orbit. Additional objectives, not unique to the

program, are the development of mercury-lubri cared bearings, alternators which can be

sealed against the mercury environment, turbine blade erosion resistance, and control of

boiling and condensing under zero gravity. Because heat must be stored for use during the

dark cycle if continuous power is to be generated, a further objective is development of

Li H as a heat storage device.

General Description

Sunflower is the designation for a 3 kw electrical space power system utilizing solar energy

and a mercury Rankine cycle power conversion system. The Sunflower system includes a

solar collector, boiler, heat storage unit, combined rotating unit and primary and secondary

condenser radiator. Original specifications required that an orbital altitude flexibility

from 300 to 20,000 nautical miles be included in the design. A weight penalty of 100 pounds

is imposed for this multiple orbit capability. Table 2-44 shows overall plant design require-

ments for the present concept and an advanced system. Table 2-45 shows flight system

weight estimates for both the present and advanced system.

Solar Collector

The solar collector must be capable of stowing within a boost vehicle for launch and also

must be deployed to full size for short operation. The specific function of the collector is

to intercept solar energy and reflect and concentrate it into the cavity of the boiler. Specific
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TABLE 2-44 - SUNFLOWER OVERALL PLANT
DESIGN REQUIREMENTS

Power

Output Power

. . Frequency

.Voltage

Operating Lifetime

Operating Environment

Heat Storage

3 kwe

200 cps ± 1%

110 v/ton ac

1 year

Space

Shade time 35 min. up to
72 min. Orbital period
90 min. up to 24 hrs.
Operating in Og or during
acceleration of Ig in any
direction.

Heat of fusion of LiH

Present System

Collector OD (ft)

Collector ID (ft)

Collector Orientation Accuracy (° ]

Collector Surface Error (°)

Sun Heat Input to Boiler Kw/hr

Net Boiler Heat Input Kw/hr

Boiling Temperature (°F)

Boiling Pressure (psia)

Superheat Temperature (° F)

Turbine eff. (%)

Turbine Exhaust Pressure (psia)

Condensing Temperature

Cycle Flow Rate

Turbine Output Power (kw)

Shaft Losses (kw)

Alternator Output (kw)

Control Power (kw)

Net Electrical Output (Kw)

Advanced

32.2

0.6

3/4

1/2

62.8

34.3

1050

240

1250

51

7

605

13.7

5.0

0.88

3.5

0.5

3.0

30

5

1/8

1/8

74.0

43.2

1050

240

1250

60

2

505

16.8

9.6

0.88

7.85

0.2

7.65
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TABLE 2-45 - SUNFLOWER SYSTEM WEIGHT COMPARISON

Present System
(300 NM) : Advanced System

Collector 186 - . 343

Boiler Heat Storage 200 245

Turboalternator 30 45

Radiator Condenser 62 109

Mercury Inventory 15 30

Speed Control 15 25

Start Auxiliaries 65 100

Structure & Misc. , 67 120

Total 640 . 1017

Specific Power Ib/kw 213 131
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2
weight of the collector has an initial design value of 0. 25 Ib/ft . Surface deviation of the

collector has a design objective value of 1/2 over 90 percent of the surface area. Total

reflectivity objective is 91 percent. Table2-46 shows collector parameters, design objec-

tives and status to date.

Power Plant

The power plant for the Sunflower system consists of a turbo-alternator assembly with a

three stage axial impulse turbine, a permanent magnet alternator and a mercury pump on a

single shaft. CRU components use the liquid mercury working fluid for cooling and

lubricating the journal and thrust bearings. The boiler-heat storage unit is constructed of

316 stainless stell and uses LiH as the storage material. This plant is now well into the

final stages of development, and the major components have had extensive operational test,

i.e., mercury turbines have had over 4000 hours of continuous running without any major

problems or indication of erosion or corrosion.

POTASSIUM WORKING FLUID SYSTEMS

Many of the liquid metal Rankine cycle systems which have been studied are based upon the

use of potassium as the working fluid. At this point in time there is no potassium vapor

turbine experience—since to date there have been no alkali metal vapor turbines run.

However, government sponsored programs are now underway at General Electric Corporation,

AiResearch Corporation and other locations aimed specifically at obtaining data on potassium

vapor turbines, and many government laboratories and industrial concerns are working on other

phases of high temperature potassium power conversion systems. The justification for this

work is threefold:

1. If higher temperatures than 1300 F are to be considered for power conversion

systems, mercury becomes undesirable as a working fluid because of the increased

system pressure required.
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TABLE 2-46 - SUNFLOWER SOLAR COLLECTOR
DESIGN PARAMETERS

Outer Diameter

Inner Diameter

Focal length

Operative angle

Cavity Aperature

Concentration Ratio

Weight (Based on minimum percentage
sun time 62. 5% at 300 MN)

32. 2 ft.

9. 6 ft.

17.0 ft.

53°

12. ft.

600

186 Ib.

Weight

Surface Deviation

Total Reflectivity

Efficiency

Environmental

Status Review

Design

186 Ib (0.25 lb/ft2)

0. 5° over 90% of area

91%

90% CO0

74% at 0.75°

.0. 8 g's at 5 cps

7.5 g's.at 2000 cps

Achieved

195 Ib (0. 26 lb/ft )

Approx. 1.0°

90. 7% small scale
84% full panel

72%

Not evaluated

Confirmed

Stowed and deployed
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2. Potassium has characteristics that make it potentially better from a corrosion,

erosion standpoint than mercury. .! .

3. From an engineering standpoint, it is the technical judgement- of most personnel

close to liquid metal systems that the potential problems involved with potassium

. differ only in degree, not in kind, from those encountered and being solved in

steam systems and mercury vapor systems.

The major problem with potassium systems at the moment is lack of data on which to base

the design of high performance systems designed for long unattended operation. As will be

seen in the brief discussion of various programs now underway, such information is being

developed and will begin to be available in sizeable quantity during calendar year 1964.

SPUR/SNAP 50 PROGRAM

Objectives of the Program

The SPUR/SNAP 50 program proposes to extend the technology of space nuclear reactor

power plants into the higher temperature ranges that may make feasible plant specific

weights in the 10-20 Ib/kw range—thus making high capacity power plants feasible for

space use. This requires the. use of refractory metal alloys as reactor system construction

materials, requires development of high temperature reactor fuel materials (such as the

uranium carbides, UO~-BeO and the uranium nitrides) and makes desirable (and even

necessary in some cases) the use of lithium as the reactor coolant.

The higher operating temperatures in the power generation system also require the use of

refractory metal alloys for-structures. Another effect of the higher temperatures is either

to require a change of working fluids from mercury to a fluid with a lower vapor pressure

or else to build a high pressure system. The latter alternative is undesirable because of the
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excessive weight of structural material that would be required for containment; hence

potassium is the design coolant material.

Concept Description

The raising of operating temperatures and lowering of specific weights are not ends in them-

selves, but are means for achieving higher power levels. Thus the SNAP 50 development is

aimed at producing a system capable of generating approximately 1 Mwe. A plant of this

capability could feasibly power a large space station, a large lunar base or an electric

propulsion system for a space vehicle. Although no specific application for this system has

been chosen, design objectives in terms of power levels, temperatures and specific power

have been selected and the SNAP 50 is designed to meet these objectives.

The tables of characteristics are given here for a 300 kwe system. However, the complete

SNAP 50 system (4 loops) is intended to have an output of 1. 2 Mwe. The initial test vehicle

will include a reactor capable of the full design power output but with only one of the four

power generation loops installed. This lower power level plant is included here because in

capacity it is a more appropriate size for the lunar base application.

Figure 2-40 is a flow schematic of a 300 kwe version of the SNAP 50 concept. The reactor

core for this concept consists of UC rods clad with Cb-lZr. The reactor coolant is Li . T h e

Rankine cycle working fluid is potassium. The radiator loop fluid is also potassium.

As presently conceived, a 300 kwe test unit will weigh approximately 20,000 Ibs. with

only a shadow shield for electronic components, and no shielding for man. Of this total

weight, 5100 Ibs. is allotted to the reactor loop, 2400 Ibs. to the power conversion loop,

2700 Ibs. for shielding and approximately 9000 Ibs. for auxiliary power equipment (of which

4000 Ibs. is chemical fuel).
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I970F 84.1 PSIA
32 LB/SEC

91.4 PSIA-

I9I5F 30 PSIA

I850F 94.2 PSIA
100% QUALITY

II96F 4.6 PSIA
83% QUALITY

1.9 LB/SEC

II56F 30 PSIA

I006F 36.2 PSIA

I006F 15 PSIA
2.3 LB/SEC RAD

I066FII5.5PSIA
6.6 LB/SEC

4.7 LB/SEC

I065F34.5PSIA

1061F 3.6 PSIA

596680A

Figure 2-40 - 300 KW SNAP 50 Flow Schematic
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Reactor Design

The reactor is designed for a thermal power of 8 Mw but will be operated at only 2 Mw for

300 kwe output. It is a small, fast spectrum reactor nominally fueled with UC, -.0 although
I. Do

other fuels are being considered. The general characteristics of the reactor system are given

in Table 2-47.

Power Plant Design

The full scale SNAP 50 plant has four completely separate power generation systems which

use the reactor system as a common heat source. Thus the single unit test plant will differ

from the 1.2 Mwe plant only in plant layout. Table2-48 shows the design characteristics of

the plant components for the 300 kwe plant. The components themselves were previously ]

show schematically in Figure 2-40.

Current Development Program

Major Problems

The recent definition of SNAP 50 as a technology development program rather than a plant

design project points up the degree to which this is a pioneering effort. Among the problems

to be solved are: . :

1. Fuel swelling with a 2200 F cladding hot spot and the development of a satisfactory

fuel-cladding barrier. These problems are discussed in detail in Part 3, Section I

of this volume.

2. Liquid superheating in the boiler. The "chugging" action at the initiation of

boiling is observed in this and other liquid metal systems. The cause of this

phenomenon must be determined before corrective measures can be taken.

3. Condensing heat transfer and pressure drop. The use of an all-liquid radiator

eliminates some of the problems of a combined condenser-radiator but other

2-208



\sfromiclear

TABLE 2-47 - SNAP 50 REACTOR DESIGN CHARACTERISTICS

General .

Thermal Power

Reactor Inlet Temperature

Reactor Outlet Temperature

Coolant

Coolant Flow Rate

Life Objective

Reliability Objective

Core Design

Active Core Diameter

Active Core Length

L/D Ratio

Specific Power

Fuel

Fuel Rod OD

Number of Fuel Rods

Cladding Material

Cladding Thickness

Rod Spacing and Pitch

Heat Flux (average)

Fuel Loading

Reflector and Control

Control Type

Material

Thickness

2 Mwt

1915°F

1970°F

Li?

32 Ib/sec

10, 000 hrs.

10.48 in;

10.48 in.

1.0

3.88 lb/ft3

UC1.08
0.432 in.

434

Cb-1 % Zr

0.010 in.

0.449 in. triangular pitch

162, 000 Btu/hr-ft2

84 kg U235

Reflector movement - mechanism
not yet selected

BeO

1.6 in.

i r f Tf* I ̂ *TC f\ r\ A
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TABLE 2-48 - SNAP 50 POWER GENERATION SYSTEM CHARACTERISTICS

No
Type

Length

Materials

Tube Configuration

No. of Tubes
Tube OD

Tube Wall Thickness

Tube Spacing
Ap Primary

Ap Secondary
Weight

Capacity (Thermal)
Inlet Fluid State
Outlet Fluid State
Outlet Fluid Velocity

Turbine
Number

Type
Inlet T.
Inlet P.

Outlet T.
Outlet P.

Materials
Rotor

Blade

Casing

RPM

Boiler Condenser

counterflow, once through counterflow, tube and shell

Cb-lZr

curved .

about 200

0.25 in.

0.025 in.

54.1 psi
21.3 psi

240 Ib
2.12 kw

liquid
saturated vapor

0.5 in.

0.050 in.

0.600 in.
2 psi

57 Ib
430 kw
84% quality vapor

liquid

free vortex

1850°F
94.2psia

4.6 psia

1196°F

TZM, Mo-1/2 T. or Kennametal

integral with rotor

Cb-1% Zr

24,000
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TABLE 2-48 (continued)

Boiler

Generator

Number

Type

Materials

RPM

Effi.

Bearings (Type)

Lubrication

Cooling Fluid

Heat Rejection Loop

Radiator

Area

Type

Materials

Tubes

Fins

Weight

Inlet Temp.

Inlet Press.

Outlet Temp.

Outlet Press.

Condenser

Inductor

Ni clad copper windings

24,000

88%at0 .75PF

Pivoted shoe, visco seal,
molecular pump

Potassium

Potassium

625 ft

tube and fin

SS

Copper

1816 Ib

1227°F

28 psia

1077°F

19 psia
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problems remain. Condensing coefficients and pressure drop are still not reliably ;

calculable, so that further testing is required.

4. Radiator design. For the 300 kwe version the use of a fixed radiator is feasible,.

thus avoiding the difficulties of designing a reliable deployable radiator. Even

so, other problems remain, such as the selection of a good fin and meteoroid armor

material. Copper is currently proposed for use on SNAP 50 but little development

work has been done. Beryllium alloys seem more promising, but alloys must be

developed which will withstand impact.

5. Turbine design. No one has yet built a turbine of the type required. Its small

physical size causes problems in maintaining high efficiency, but even with small

rotor diameters the blade tip speed may become limiting. Blade erosion by liquid

droplets are also a concern. Bearing development is still in an early stage.

6. Generator design. High temperature generators are required to avoid excessive

heat losses and weight penalties associated with existing low temperature

generators. Exposure to liquid metal vapors remains a problem, with work pro-

ceeding on bore seals and sealed rotors.

Schedu.le and Funding

The SNAP 50 development schedule is at present not well established since the recent

cancellation of LCRE; however, discussions indicate the early 1970's for a working proto-

type plant if development proceeds satisfactorily with high temperature fuels materials. It

must be recognized that this is on the basis of a high temperature plant objective above

2000°F.

Facilities

Complete plant testing facilities are still in the planning stage.
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ORNL BOILING POTASSIUM REACTOR—MPRE

Objectives of the Program

The MPRE is a direct cycle boiling potassium reactor concept, and as such, the major

objective of the work being done at Oak Ridge is to develop basic information on the

characteristics of such a system. Primary concern is with the reactor itself rather than the

power conversion chain and planned test work is largely in this area.

Concept Description

The MPRE is intermediate in power level and temperature between the SNAP 8 and SNAP 50

concepts—with selection of parameters based to a large extent on the groundrule of using

existing or relatively uncomplex materials technologies. The reactor is a UO^-fueled,

stainless steel clad, rod-type core. Potassium vapor formed in the core passes through a

vapor separator that is structurally integral with the core and then goes directly to the

turbine. The system is shown schematically in Figure 2-41.

Since the peak cycle temperature is about 1500 F, the complete structure is based on the

use of 316 SS. Assuming that the long term creep strength is satisfactory, the theoretically

more difficult fabrication properties of refractory metal alloys are avoided.

The general reactor characteristics are shown in Table 2-49. No data are given for the other

loop components since, with the exception of jet pump and bearing tests, >there have been

insufficient funds available to prepare significant designs for the power conversion equipment.

One of the main advantages of the system is the potential simplicity of the direct cycle

system as compared to indirect cycle plants, in addition to the thermodynamic advantage of

eliminating the temperature drop associated with the heat exchanger in an indirect cycle

system.
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Figure 2-41 - MPRE System Flowsheet
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TABLE 2-49 - MPRE DESIGN CHARACTERISTICS

General

Thermal Power

Reactor Outlet Temperature

Coolant -

Coolant Flow Rate (total)

Vapor Flow Rate

Weight of Reactor Assembly

Core Design

Core Diameter

Core Length

L/D Ratio

Specific Power

Fuel

Fuel Rod Diameter

Spacing and Pitch

Number of Rods

Cladding Material

Cladding Thickness

Average Heat Flux

Core Pressure Drop

Vapor Quality at Core Exit

1000 kw

1540°F
K39.

4.33 lb/sec

1.08 lb/sec

750 Ibs

9.56 in.

12 in.

1.26

2.0 Mw/ft3 (70.6 w/em3)

uo2

0.50 in.

0.5625 in. triangular pitch

241

SS 316

0.020 in.

108, 300 Btu/hr ft2

1.0 psi

25%
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Development Program

Among the major developmenf problems are:

1. Hydraulic "bumping" due to unstable boiling. Some ORNL experiments have

demonstrated several hundred degrees of superheat before the onset of boiling,

with periodic "bumping" continuing to occur. Means proposed thus far to

overcome the superheat do not appear desirable in a reactor system.

2. The direct cycle requires complete integrity of all fuel elements to avoid making
141

the whole plant a radiation source. The use of K eliminates significant

activation of the coolant itself, but any contaminant could become activated

and ruin the effectiveness of the system.

3. The vapor separator must be very effective or else the turbine blading may become

seriously damaged. Since no superheat is used, the vapor quality depends entirely

on the vapor separator.

4. The use of UO« fuel under the MPRE operating conditions appears to be similar to

ML-1 experience. Under these conditions there may be a large amount of fission

gas release and fuel swelling even though the centerline temperature is held below

2900°F.

Scheduling.gnd Funding

This effort is being carried at the relatively low funding level of about $2.2 million per

year for both FY 1963 and FY 1964. The main development effort thus far has been in

running thermal and hydraulic tests and critical experiments. Plans are being made for an

experimental reactor system test but the funding of this effort is as yet uncertain.

Facilities

All development work to date has made use of existing ORNL facilities. A proposed MPRE

test facility would be based on modifying an existing facility at Oak Ridge.
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GENERAL ELECTRIC COMPANY TURBINE DEVELOPMENT

One of the most significant potassium system component development programs other than

those associated with SPUR/SNAP 50 work primarily (work of Pratt & Whitney and AiResearch)

is the work at the General Electrical Company, Evandale, Ohio, plant where a two stage

potassium test turbine is being designed and fabricated under NASA contract NAS 5-1.143.

The objectives of this program are to study the effects of vapor wetness on performance,. .

demonstrate condensate extraction, study blade erosion with different blade materials, study

super-saturation and droplet formation, improve the accuracy of General. Electric1 s cal- ,

culated Mollier diagrams and to establish accurate fluid flow design methods for potassium

turbines operating in the design region.

Work began on this program in May 1961, and performance tests are scheduled to begin in

early January 1964 on a two-stage test trubine representing the third and fourth stages of

a hypothetical five-stage 500 kw turbine. This turbine will accept 2.8 Ib/sec of variable

quality 1600 F potassium vapor.

As an integral part of this program, nozzle tests are being conducted to find the variation

of the polytropic exponent with temperature and quality and the variation of the degree of

supersaturation with inlet temperature and quality.

This program as well as the AiResearch turbine program being conducted as part of the

SPUR/SNAP 50 effort will begin to yield specific results during calendar. 1964.

WESTINGHOUSE ELECTRIC CORPORATION ELECTRICAL COMPONENT DEVELOPMENT

The Westinghouse Aerospace Electrical Division at Lima, Ohio, has contracts with the

RECTniCTCD DATA
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Air Force and NASA for the analysis and development of electrical components for potassium

vapor power conversion system. The Air Force contracts are for the development of 50 kva

potassium-cooled inductor generator. An experimental air-cooled version of this generator

has been tested and a potassium-cooled machine will soon be in operation. This unit is

designed to operate at 24, 000 rpm with an average coolant temperature of 600 F and

winding temperatures as high as 1000 F.

Under the NASA contract, components have been designed for a 1 mwe system. The

components involved in this study are generators, circuit breakers, transformers, rectifiers

and exciter-regulators.
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WATER SYSTEMS .

Introduction .

There is at present no coordinated program underway to develop a nuclear power plant for

space or lunar sufrace operation with water-substance as either the reactor coolant or the

working fluid. However, it is relevant to examine such systems as they might be applied to

such applications in the light of current terrestrial technology. .

State-of-the-Art .

Development programs are going on in the fields of naval reactor propulsion plants, utility

system power reactors, and to a more limited extent, in supercritical steam power plants, but

these are not compatible with the requirements of the space or lunar environments. Almost

by definition, naval reactor plants have access to an.excellent heat sink, the sea, which has

no counterpart on the moon. Utility system power stations are located where an adequate

heat sink is available. Only in the field of supercritical steam power systems do temperatures

approach those necessary for lunar surface operation. This development is guided by economic

constraints far different from those that apply to lunar or space operations.

As a preliminary step in looking into a water technology and its potential, consideration was

given to a steam turbine plant utilizing a typica.1 low-tempera tore pressurized water reactor as

the heat source. Obviously, technology in this area is in a high state of development compared

to other reactor plant technologies. The results of consideration of such a plant making use of

a steam cycle were as follows. ,

It was quickly apparent that for a steam cycle the volumetric flow of the steam would be so

small for plants of interest that a system turbine would have extremely low efficiencies. The

2-219



stronudear

study was, therefore, based on the use of a uniflow steam engine. Using initial conditions of

1250 Ibs at 572.4 F, it appeared that for a vertical radiator with the sun at the zenith using

a radiator emissivity of 0.8, a lunar emissivity of unity, and a lunar absorbtivity of 0.875,

that a radiator temperature of about 363 F would be optimum. With a steam engine efficiency

of 64 percent with a factor of 0.7 to take care of generator inefficiencies and pumping power,

a plant efficiency of 8.2 percent results. This gives a radiator area of approximately 87 sq.

ft/KW which is more than a factor of 2 higher than might be required for a Brayton plant and

an order of magnitude higher than might be required for a liquid metal Rankine cycle plant.

On the basis of the very large areas which would be required even for reasonable power

(i.e., 17,400 sq ft for 22 KW) in the steam plant and the potential of other systems, the steam

plant with a low temperature pressurized water reactor is obviously out of the question.

To achieve reasonable radiator sizes, high radiator temperatures are necessary and the

working fluid must be above the critical temperature for water. This leads essentially to a

new area of technology. To minimize the size of plant components, high pressures must be

used to obtain reasonable fluid density. Therefore, the stress and temperature problems

encountered in terrestrial supercritical water systems will also be encountered in the lunar

systems. Not to be underestimated is also the fact that an entirely new approach to water

plants must be taken—one of designing a completely sealed and maintenance free system,

something that there is little or no incentive for in earth applications.

Extension of present power plant technologies to encompass lunar surface operation could

result in two classes of plants—all-water and liquid metal-water. If the power generating system

is topped by a liquid metal cooled reactor rather than a water cooled reactor, the problems

of insuring isolation of the metal and water streams, never solved completely at lower

temperatures, will be found more difficult at the higher temperature.
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A group of new problems result from the chemical activity of water-substance at high

temperature. Increased rates of corrosion, erosion, mass transfer, dissociation, and gas

absorption may produce effects that cannot be extrapolated from presently available data

obtained at lower temperatures and pressures. These effects must be investigated by experi-

mental programs which presently are not being undertaken.

The only programs on supercritical reactors for terrestrial use are in a paper stage with'some

very limited work on heat transfer. Estimates are that it will be 8 to 10 years before a

prototype system is in operation, and 4 to 5 years before adequate design data is available.

Again the problem is that a program must be gotten underway to define the problems even

before they can be solved. Equally important, for such a plant to be utilized, it would

inevitabley be heavier than a comparable liquid metal plant, and would have less growth

potential. Therefore, if it appears reasonable to say that liquid metals are feasible, this is

the direction in which to go. In the case of liquid metals, data are sti l l missing, but programs

are well underway to obtain the data that is needed.
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