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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. Neither the 
United States, nor the Commission, nor any person acting on behalf of the Commission: 

A . Makes any warranty or representation, expressed or implied, with respect 
to the accuracy, completeness, or usefulness of the information contained in 
this report, or that the use of any information, apparatus, method, or process 
disclosed in this report may not infringe privately owned rights; or 

B. Assumes any l iabi l i t ies with respect to the use of , or for damages resulting 
from the use of any information, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the Commission" includes any em­
ployee or contractor of the Commission to the extent that such employee or contractor 
prepares, handles or distributes, or provides access t o , any information pursuant to 
his employment or contract with the Commission. 
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FOREWORD 

SNAP I is the first of a family of devices to convert nuclear energy to electrical for use 
in space. The SNAP Systems for Nuclear Auxi l iary Power - programs are sponsored by the 
Atomic Energy Commission; the SNAP I prime contractor is The Martin Company. SNAP 1 
was designed to ut i l ize a radio isotope as the energy source. 

The SNAP 1 Power Conversion System utilizes mercury as the working f luid for a Ranklne 
cyc le . A radioisotope is used as the energy source to vaporize mercury In a boiler; turbo-
machinery extracts the useful energy from the vapor and converts It Into electrical energy; 
the exhaust vapor Is condensed by rejecting the waste therma! energy to space In a condenser-
radiator. 

During the SNAP I Power Conversion System development, Thompson Ramo Wooldridge has 
been responsible for the development of the following Items: 

Turbo-machinery 

Mercury vapor turbine 
Alternator 
Lubricant and condensate pump 
Mercury lubricated bearings 

Speed Control 

Condenser-Radiator 

A series of eight Engineering Reports have been prepared describing Thompson Ramo 
Wooldridge's SNAP I Power Conversion System development program. These are as 
follows: 

ER-4050 Systems 
ER-4051 Turbine 
ER-4052 Alternator 
ER-4053 Pump 
ER-4054 Bearings 
ER-4055 Control 
ER-4056 Condenser-Radiator 
ER~4057 Materials 

The material In this report deals specif ically with the developmental history of the 
SNAP I Power Conversion System. This report Is submitted as part of the requirements 
of Purchase Order OE-0101 from The Mart in Company, Issued under the Atomic Energy 
Commission prime contract AT(30'-3)-217, 
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1.0 SUMMARY 

This report describes the development of the SNAP I Power Conversion System. SNAP I 
Is the first of the series of Systems for Nuclear Auxil iary Power being developed to provide 
electrical power in space. It was designed to convert the thermal energy produced by the 
decoy of a radioisotope Into 500 watts of electrical energy by means of a mercury Ranklne 
cycle method of power conversion. 

Thompson Ramo Wooldridge was responsible for the development of the turbomachlnery, 
condenser-radiator and control portions of this AEC sponsored program. The Martin 
Company, as prime contractor, was responsible for the development of the radioisotope 
boiler and systems integration. TRW's SNAP I developmental effort began In February 
1957, and continuing to the present, has resulted In significant advances in the analysis, 
design, fabrication and experimental evaluation of this type of space powerplant. 

The efforts expended during the SNAP I developmental program resulted In the successful 
operation of the Power Conversion System. Both component and system performance 
requirements were met and the system endurance capability was demonstrated by operating 
for nearly twice the 60 day required l i fe t ime. 

SNAP I, by vir tue of Its component and systems testing and supporting analytical efforts, 
has demonstrated the feasibi l i ty and desirabil ity of the Ranklne system for obtaining power 
in space. The major achievements wi th respect to performance and l i fe capabilities of the 
SNAP I power conversion system components have provided a firm technological base upon 
which future Ranklne space power systems can and are being developed. 

1 
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2.0 INTRODUCTION 

2.1 Description of SNAP ! 

SNAP I Is a mercury Ranklne power conversion system, it develops electrical power by 
means of a turbine driven generator. 

The many advantages of the Rankine turboelectric method of converting thermal energy 
into electrical energy has made it the world's largest producer of electric energy. The 
Rankine cycle util izes therma! energy from a wide variety of fuels to convert l iquid to 
high pressure, high temperature vapor In a boiler. When this vapor is expanded through 
a turbine, a portion of its thermal energy is converted into shaft energy which Is used to 
drive an electr ical generator, resulting In the production of the electrical energy. The 
unusable thermal energy in the vapor exhausting from the turbine at low pressure and 
temperature is removed in the condenser, which converts the f lu id back to l iqu id. The 
condensed f lu id then passes to a condensate pump, which returns it to the boiler. 

Figure 2-1 shows a block diogram of a space Ranklne power system. While the principle 
of operation of a space Ranklne power system and its corresponding centra! station power-
plont on earth are essentially the same, very significant differences in environment require 
numerous component design refinements for a space Ranklne system. Major environmental 
factors dictat ing a need for component design changes are the absence of on atmosphere, 
which requires that the space system must reject al l waste energy by radiation rather than 
by convection, and the complete absence of gravitational forces, which causes a con­
siderably modified approach to f lu id mechanics considerations. Further component and 
system design Innovotions are dictated as a result of the stringent requirements of the 
space power mission. Great premiums are placed upon minimizing weight and bulk. 
Reliable unattended operation Is mandatory. High performance, for extremely long 
durations is essential. 

The Rankine method for obtaining electrical power con be further designated by the type 
of f lu id used in the cyc le . Water is the most common f lu id used in central station power-
plants, although mercury has been used in several large, high eff iciency, powerplanfs. 
As w i l l be later described, optimization of SNAP I to meet space power requi-ements, 
resulted in the selection of mercury, not only as Its working f lu id , but as the lubricant 
for the turbomachlnery bearings. 

SNAP I was original ly designed to provide 500 watts of electrical power, for an earth-
orbit ing satel l i te, and to have a useful l i fe of 60 days. For the requirements of this mission 
the power conversion system components were selected and the overall cycle conditions 
chosen as w i l l be described. 

2 
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Cycle conditions - Figure 2-2 Is a flow schematic of the SNAP I system on which are 
indicated the various temperatures, pressures and flow rates associated with the design 
point operation of the system. 

Energy source and boiler - SNAP I was designed to use the radioisotope. Cerium 144, as 
Its energy source. The mercury boiler was designed as an integral part of the fuel container 
assembly. This component of the system was developed by the Martin Company, and 
therefore will not be discussed extensively In this report. However, since certain features 
of the boiler design affect the remainder of the power conversion equipment, a brief dis­
cussion of the boiler and energy source Is included here. 

Cerium 144 was chosen as the radioisotope to best meet the system requirements, on the 
basis of specific power, cost, and availability. A disadvantage to the use of Cerium 144, 
the significant gamma radiation associated with its decay, was overcome In the SNAP ! 
design by means of special shielding and handling procedures. To be compatible with 
satellite vehicle requirements, the boiler was built in two Identical units, so that half 
the cycle mercury flow would pass through each boiler. Each half-power boiler consisted 
of a central cylindrical refractory metal block within which the radioisotope was encased. 
The boiler tubing was helically wrapped around this block and was thermally bonded to It 
by liquid lead. Heat losses from the boiler were reduced by multiple stainless steel shells 
which served as thermal radiation Insulation. Gantrol of thermal input to the mercury 
associated with the excess heat of radioisotope decay was provided by means of controlling 
an opening In these insulating shells. 

Turbomachlnery - The turlx»machlnery developed for SNAP I contains many unique features, 
n^Terbefore Incorporated Into a Ranklne system. The stringent requirements for perform­
ance, reliability in the launching and space environments, and the long duration, unattended 
operation, dictated each unique feature. Figure 2-3 shows the turbomachlnery package 
resulting from the SNAP I development. Its key features are a three-stage mercury vapor 
turbine, permanent magnet alternator, and liquid mercury pump mounted on a single shaft 
supported on liquid mercury lubricated bearings. The design and development of this 
package are treated in detail In Section 6 of this report. 

Other Components - In addition to the boiler and the turbomachlnery package, the SNAP I 
system requires a condenser-radiator to reject waste heat, and a control system. These are 
further described in the following section. 

2.2 The SNAP I Development Report Series 

The accomplishments of TRW's SNAP I power Conversion System development program are 
presented In a series of eight Engineering Reports. A separate report describes the analysis, 
development, and performance of each of the system components—turbine, alternator, pump, 
bearings, control, and condenser-radiator. In another report, a summary of the materials 
development Is presented. This report describes the design, the development, and perform­
ance of the complete SNAP I Power Conversion System. A brief description of the material 

4 
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SNAP I POWER CONVERSION SYSTEM SCHEMATIC 

r TURBINE ALTERNATOR 

4' JET BOOSTED 
CENTRIFUGAL 

i PUMP 

-PRESSURE 
REGULATOR 

•ELECTRONIC 
CONTROL 

•HYDROSPHERE 
BEARINGS 

STATION 

® 
(D 
(D 

® 

LOCATION 

Turbine \r\\ei 

Condenser Inlet 

Pump Inlet 

Pump Inlet 

ELECTRICAL 
POWER 

OUTPUT 
PRESSURE 

PSIA 

210 

2.0 

1.9 

290 

TEMP. 
°F 

1300 

500 

330 

330 

FLOW RATE 
LB/MIN 

1.9 

1.9 

12.0 

12.0 

FIGURE 2=2 

5 



SNAP I lURBOMACHINERY PACKAGE 

o» 

-TURBINE EXHAUST 

-PERMANENT MAGNET ROTOR 

U 

L 

^Rl^f^ 

/ / L u L - ^ / - S T A T 
J / T̂URBINES ^ H l 

^STATOR/ 
/ 

/ 

TURBINE INLET 
LJ 

-HYDROSPHERE BEARING 
(BOTH ENDS) 

o 
o 
o 
o 
c 

!K 

1 

I 
I 



TAPCO GROUP / \ Thompson Ramo Wooldridge inc. 

contained in the component reports is presented here in order to summarize these results and 
to provide background for the complete system discussions. 

Turbine (TRW Engineering Report ER 4051) ~ Mercury vapor turbines have been operated in 
the past In commercial power plants, but the SNAP I system required a new set of standards 
concerning miniatur izat ion, high speed, and unattended operation. The turbine development 
program Included analysis, design, fabr icat ion, and testing of several types with the final 
configuration consisting of a three stage, axial f low, impulse turbine. Analyt ical and 
empirical design procedures were evolved and verif ied for low power output, high pressure 
ra t io , high speed, mercury vapor turbines. Figure 2.4 is a photograph of one wheel of the 
three stage turbine. 

Alternator (TRW Engineering Report ER 4052) - Stringent requirements are placed on the 
alternator by the environment to which it is exposed. The rel iabi l i ty of a brushless alternator 
is substantially better than that of a machine ut i l iz ing brushes. A permanent magnet 
alternator Is simpler and more rel iable than a conventional wound f ie ld design. A major 
advance In the state-of-the-art of high temperature materials, achieved during a TRW-
sponsored materials development program, allows the alternator to operate at high temperatures 
namely 550°F without cool ing. Techniques were also evolved for sealing the stator bore to 
isolate the stator windings from the mercury vapor. These considerations allowed the design 
of an alternator able to meet performance and l i fe requirements. Figure 2-5 is a photograph 
of the SNAP I permanent magnet alternator. 

Pump (TRW Engineering Report ER 4053) - Since, in a gravitation less f i e ld , no static head 
is avai lab le, the design of the condensate pump presents problems of cavitat ion. Several 
pump types were investigated, both analyt ical ly and experimentally, with the final selection 
of a centrifugal pump with a jet boost stage at the Inlet to maintain the impeller inlet pressure 
above the cavitation l im i t . Performance of this type of pump was very satisfactory for the low 
f l ow, high head, and high speed conditions of the SNAP I system. A photograph of the 
pump impeller Is shown in Figure 2 - 6 . 

Bearings (TRW Engineering Report ER 4054) - In the turbomachlnery package the pump, 
turbine, and alternator, are mounted on a common shaft by mercury lubricated hydrosphere 
bearings. These bearings are the result of a development program consisting of the 
evaluation of several bearing types and the search for materials which have suitable bearing 
properties and are compatible with mercury. Figure 2-7 is a photograph of a hydrosphere 
bearing and socket. 

Control (TRW Engineering Report ER 4055) - The SNAP ! control system was required to 
maintain stable system operation and to provide constant electrical output frequency while 
delivering constant power to a satell ite vehicle's electrical power system. As a result of 
analysis and analog simulat ion, a control was developed which sensed speed with a 
frequency discriminator providing the signal to a pressure regulator on the boiler inlet which 
modulated the flow to the turbine. This control system performed satisfactorily in component 
and system tests. 

7 
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Condenser-Radiator ITRW Engineering Report 4056) 

The only means of eliminating waste heat from a body in space is by radiation. Thus the 
design of a condenser-radiator to condense the turbine exhaust and radiate the waste heat 
was completed. Analysis and experimentation was carried out on the phenomena of heat 
transfer and f lu id dynamics of a condensing f lu id in a gravlt-ationless f ie ld . The abi l i ty to 
condense against the force of gravity was demonstrated. These and subsequent zero gravity 
tests, established the feasibil i ty of condensation in the space environment. 

Materials (TRW Engineering Report 4057) 

To assist in the development of the above components a materials development program was 
established. Both metallic and non-metall ic materials were included in order to arrive at 
materials which are compatible with mercury and are capable of performing the desired 
functions. 

A wide variety of metallic materials were shown to have satisfactory compatability with 
mercury to permit use as required in the power conversion system. Non-metall ic materials 
having excellent properties for use as insulation and alternator bore seals, were also found. 

12 
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3.0 REQUIREMENTS 

SNAP I was designed to provide the electr ical power for an earth orbiting satel l i te. The 
fol lowing general requirements were therefore Imposed on SNAP I. 

Reject a i l the waste heat by thermal radiation 

Unattended operation 

Zero gravity 

Absolute vacuum 

Compatible with satellite's pay load 

Capable of withstanding the launching environment 

Protected from hazards of meteorites 

The specific requirements of the SNAP ! power conversion system (as defined here, "power 
conversion system" does not include boilers or structure) that were used as a guide during 
the development program were as follows: 

Power output 500 watts 

Life 60 days 

Weight minimum (110 lbs objective) 

Overal l system eff iciency 10% 

Detailed requirements based upon these specifications and characteristics of the satellite 
vehicle are listed in Table 3 - 1 . 

Throughout the SNAP I development program these requirements were used as *-he objectives 
to be met. They were broken down into specific requirements for the several components of 
the power conversion system to guide their respective developmental efforts. The first 
detailed specification of system and component parameters, issued early in 1957, is shown 
in Table 3-2. 

The numerical value of these performance goals assigned was the result of considerations of 
existing status, and the probabil ity of achieving the goals at a minimum cost to the total 
program. As development progressed, and new insight into component characteristics was 
obtained, these specific goals were modified in order that the achievements in one area 
could ease the requirements in others. However, near the end of the formal SNAP I 

13 
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TABLE 3-1 

Electrical output 

Nuclear Radiation 

Radiator 

Power ~ 500 watts - constant 
Voltage - 115 t 10% 
Frequency - 2000 cps t 10% 
Power factor - 0,8 lagging 
Total distortion - less than 10% 
Radio interference per MIL-I-6181B 

The SNAP I system would be exposed to gamma radiation 
originating at the radioisotope heat sources. The 
Intensity of this radiation would not exceed 1.5 x 10^ 
roentgens per hour ai the surface of any power conversion 
system component. 

Was not to be a structural part of the vehicle, total 
area less than 25 square feet, maximum radius of 
curvature 2 f t . 3 I n . , OD; minimum radius of curvature 
2 f t , 0 Inches ID. 

Weight Distribution Radiator 
Turbomachlnery 
Controls 
Mounting 

68 lb 
25 lb 
7 lb 

10 lb 

Total 110 lb 

Environment The SNAP I unit had to be operable through the launch 
as well as the orbital environment, therefore, it had 
to withstand the following accelerations and vibrations. 

Longitudinal accelerations 8 g 
Lateral accelerations 1.5 g 
Shock* - 10 g with rise time of .003 sec and dwell 

time of .012 sec along any axis 
Vibrat ion* - 2 g from 5 cps to 2000 cps with double 

amplitude limit of , 125 inches for f re ­
quencies below 17,7 cps, along any axis. 

*These would be attenuated by a shock mount for a l l SNAP I components. 

14 
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TABLE 3-2 

EARLY SNAP I PERFORMANCE PARAMETERS AND OBJEaiVES 

Thermodynamic Conditions 

Max. superheat temp. 

Boiler pressure 

Condenser temp. 

Subcooler 

Pump outlet pressure 

Low temp, cooler outlet temp. 

Rotational Speed = 40,000 rpm 

Component Performances 

Turbine eff ic iency 

Bearing power consumption 

Pump eff iciency 

Alternator eff iciency 

Control power consumption 

Cycle Efficiency 10% = 500 watt output 

Flows 

Turbine Inlet 

Subcooler inlet 

Control and Alternator cooling 

Bearings 

1300°F 

210 psla 

500°F 

330°F 

250 pslo 

200°F 

40% 

40 watts 

20% 

90% 

25 watts 

1.87 Ibs/min 

12.0 

1.13 

10.0 

15 



TAPCO GROUP /jX, Thompson Kama Wmldridge Im. 

development program, funding reductions resulted in further component development efforts 
being curtai led, and necessitated a re-evaluation of the performances then achievable. 
Table 3-3 presents the detailed specification for SNAP ! components resulting from \\\\%, 
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TABLE 3-3 

FINAL SNAP I PERFORMANCE PARAMETER AND OBJEaiVES 

Thermodynamic Conditions 

Nozzle Inlet Temperature 

Nozzle Inlet Pressure 

Condenser temp. 

Boiler inlet temp. 

Pump outlet pressure 

Rotational Speed = 40,000 rpm 

Component Performances 

Turbine eff iciency 

Bearing power consumption 

Pump eff iciency 

Alternator eff iciency 

Control power consumption 

Cycle eff ic iency 7% = 350 watts output 

Flows 

Turbine 

Subcooler 

Bearings 

1300°F 

210 psla 

500°F 

330°F 

287 psla 

40% 

100 watts 

20% 

80% 

25 watts 

1.87 Ibs/min 

11.87 

10.0 
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4 .0 DEVELOPMENT 

SNAP I has pioneered the application of dynamic power conversion in space. This has 
meant that much original work has been accomplished In the aniaysis, design, fabrica­
t ion , and test of the power conversion system components and of the complete system. 
This section summarizes these developmental efforts that resulted in the SNAP I power 
conversion system, and provides a suitable introduction to a description of the several 
power conversion packages which were developed during the program. 

4.1 Pre SNAP I Development 

The SNAP I Power conversion system is the result of TRW efforts beginning in ]955, It 
was in the fa l l of that year that TRW, then Thompson Products, In conjunction with 
Lockheed Aircraft Corp. , submitted a proposal to the Air Force and the AEC for a study 
program to select the electrical power supply for an earth-orbiting satel l i te. This 
proposal resulted in the award of USAF contract AF(33-616)-3441 to TRW, under sub­
contract to Lockheed, This effort began In February, 1956, and called for analysis 
of methods to obtain power In space, and feasibil i ty testing of potential problem areas 
of the machinery selected to perform the task. 

Analysis performed during this study showed that the Ranklne thermodynamic cycle using 
mercury as the working f lu id , was superior to any other cycle or working f luid for the 
appl icat ion. Analysis of the Brayton gas cycle showed that between two given tempera­
ture l imits, its eff iciency Is much lower than that of a Ranklne cycle. This is because 
the Ranklne cycle more closely approximates the Carnot cycle, and also because losses 
due to component inefficiencies ore much more severe In the Brayton cycle. 

Mercury was selected as the working f lu id for SNAP I because of the several advantages 
it displays over competing f lu ids. In order to keep total power conversion system weight 
low, the vapor pressure of the working f luid must not be excessive at the working tem­
peratures of the system. At the working f lu id boil ing temperature, for example, the 
mercury vapor pressure is about 200 psla whereas, if water would be used at this tempera­
ture a pressure of over 3000 psla would result. The use of high temperatures In Ranklne 
space power plants is required in order that size of the radiator to reject the waste heat 
not become excessive. 

Use of higher temperatures was not undertaken, since the problems associated with using 
other fluids possessing favorable vapor pressure characteristics were considered to be 
beyond the scope of the SNAP I development cr i ter ia. Materials, such as phosphorus, 
rubidium, sulphur, and potassium, were recognized to be attractive for space power 
systems at higher power levels and higher operating temperatures. Mercury was selected 
as the working f lu id for SNAP I however, because of Its favorable vapor pressure charac­
teristics in the temperature range of Interest, and because prior experience had shown 
no formidable materials problems had to be solved. It could also be used as the lubricant 
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for the bearings of the turbomachinery. 

The turbomachinery package selected as most promising for this application is shown in 
Figure 4 - 1 . The key features of this unit were the use of a single stage, re-entry 
turbine to convert the thermal energy in the mercury vapor to mechanical energy, and an 
axial gap permanent magnet alternator to convert the shaft energy Into electrical energy. 
The shaft was supported on mercury lubricated hydrosphere bearings and the liquid mercury 
pump was also a part of the shaft. The re-entry turbine was of Interest for this application 
for several reasons: 

- Analyses indicated that the required turbine efficiency could be obtained and 
that it would be superior to those of conventional small turbines. 

- Possibility of turbine erosion was considered to be less severe. 

- Fabrication problems are not d i f f i cu l t . 

- Its physical design was compatible with the appl icat ion. 

The axial gap, permanent magnet alternator, was selected based upon the following 

considerations: 

~ Brushes or commutators could not be used due to the mercury vapor environment 
existing within the turbomachinery cavity; therefore, a brushless unit was required, 

- Higher re l iabi l i ty would result from no electrical conductors within the rotor. 

- The conductors in the stator could be protected against the corrosive mercury 

vapor. 

- The axial gap construction combined with the re-entry turbine configuration 
provided a highly compact turbomachinery uni t . 

The pressurized hydrostatic bearing in the specialized form of the hydrosphere was 
selected to support the turbomachinery shaft. The reasons for the selection were: 

- It combines both radial and axial load carrying capacity. 

- It Is insensitive to considerable misalignment. 

- Lubricant flow rates are not large. 
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The mercury condensate and lubricant pump selected for this application was a centrifugal 
pump mounted direct ly on the turbine shaft. Reasons for its selection were based primarily 
upon considerations of no leakage, low power consumption, high re l iabi l i ty , and low 
weight. 

The pre-SNAP I work also provided for the first detailed Investigation of the means of 
condensing the turbine discharge vapor and rejecting the waste heat to space by radiation. 
Due to the many unknowns concerning mercury condensation In a zero gravity environment, 
a wide range of possible conditions were analyzed. The results revealed that with proper 
experimentation and further analyses, the design of a space condenser radiator should 
present no unsurmountable problems. 

This study also Investigated the various practical means of controlling the Ranklne space 
power system. Such considerations as the effect of turbomachinery speed variations and 
f lu id flow upon the stabil i ty of the satell ite were considered, as well as the transients 
due to electrical load variations, the satell ite passing from the sunlit side of the earth 
to the night side. 

The effort under this AF contract also provided for feasibil ity testing of turbines and 
bearings since these two components were suspected of requiring the most effort to obtain 
o practical Ranklne space power system. Re-entry turbines were dynamometer tested 
using steam and air as working f luids. Steam was originally used In order that testing 
with a vaporous f lu id could be accomplished. However, the steam supply limited the 
pressure ratios available and the avai labi l i ty of a high pressure air supply resulted in 
subsequent tests being run with a i r . A l l turbines were tested In a specially designed 
high speed dynamometer capable of measuring the small torques involved with high pre­
cision. 

The bearing testing resulted In proof of the feasibi l i ty of mercury lubricated hydrosphere 
bearing concefjts as well as providing additional emperlca! design methods for these 
bearings. This program also resulted In techniques for manufacturing, superfinishlng, 
and Inspecting the highly precise bearing parts required. 

In the fa l l of 1956, concurrently with the AF effort, TRW performed a conceptual design 
of a radioisotope fueled mercury vapor power conversion system under AEC Contract 
AT(30-3)-217. The resulting design, submitted to The Martin Company, was the basis 
from which SNAP I directly evolved. This unit was very similar to the one just described 
except that its design was specif ical ly tailored to the radioisotope energy source. This 
unit was designed to produce 133 watts of electrical output for 60 days with an over-all 
eff iciency of 10%, The work performed during this study resulted In the cycle conditions 
that have been used throughout on the SNAP I program. 

An understanding of the developmental faci l i t ies that would be required to translate 
design concepts into rel iable, high performance hardware was also an important result of 
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this effort. 

4 .2 SNAP I Development 

In February, 1957, TRW actively began the development of SNAP I Power Conversion 
System hardware. This development was sponsored by the AEC under Prime Contract 
AT(30-3)-217. The work performed by TRW was under subcontract from The Martin 
Company. The work to be performed under this effort called for further optimization 
of the Ranklne thermodynamic cycle to convert energy into electrical energy, design 
and development of components to accomplish this, and Integration of these components 
into a workable power conversion system. The requirements for the system to be developed 
were those presented in Section 3 of this report, and the methods for accomplishing them 
made up the SNAP 1 program at TRW. A summary o f the SNAP I component developments 
are presented in Section 2 of this report. This section traces the highlights of SNAP I 
development leading to the Integration of the several components Into the system. 

As stated In Section 4 . 1 , a Ranklne space power system had been conceptually designed 
using radioisotope energy to produce 133 electrical watts. Concurrently with the be­
ginning of SNAP I effort, this power requirement was raised to 500 watts resulting In a 
need to re-evaluate the conceptual design. Also contributing required modifications in 
this design were the results of component feasibil i ty testing carried out at TRW. 

The most significant departure from the original design was In the turbine area. Feasibility 
testing of re-entry turbines had shown that a significant state-of-the-art development 
would be required in order to achieve the desired eff iciencies. Preliminary evaluation 
of conventional axial f low Impulse turbines showed them to have better immediate poten­
t ial for the higher efficiencies required. Further Investigation also showed that axial 
Impulse turbine erosion was not a serious problem in turbine design If a multl stage unit , 
with superheat would be employed. 

The axial gap alternator in conjunction with a re-entry turbine had resulted in a compact 
turbomachinery package. With the turbine concept changed to a multi-stage axial flow 
machine, a radial gap permanent magnet alternator was preferred. This type also dis­
played a performance advantage over Its axial gap counterpart. 

The original choice of the hydrosphere bearing proved to be a sound one. Early in the 
SNAP development, performance and preliminary endurance testing of this concept showed 
It to be a desirable method of rel iably supporting a high speed shaft for long periods. 

Testing of several simple configurations of mercury pumps resulted in the knowledge that 
simple, single stage pump designs were not capable of meeting the system requirements. 
Primarily to meet the low pump inlet head requirement, the development of the jet boosted 
centrifugal mercury pump evolved. 
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t 
The concept of ut i l iz ing but one moving part, the common turbomachinery shaft, for the 
power conversion system remained. Further analysis of system operating characteristics 
and control requirements showed this arrangement to be very satisfactory. Selection of 
the control mode for the SNAP I power conversion system was based on previous analyses 
and a better understanding of the system requirements. Using a boiler inlet pressure 
regulator to control f low to the turbine by sensing the alternator speed was chosen as 
optimum. This provides a simple system, having a large tolerance to load disturbances, 
without consuming any appreciable amount of electrical power. 

The fol lowing three sections describe the several power conversion packages designed 
and tested during the program that u t i l ize the component concepts fust outl ined. 

• 
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5.0 TURBINE-ALTERNATOR TEST PACKAGE - TATP 

The Turbine-Alternator Test Package was the first complete turbomachinery package designed 
and tested on the SNAP I program. This section w i l l discuss its purpose, design and test 
history. 

5.1 Purpose 

Since the TATP was the first SNAP 1 turbomachinery package, it was required to provide 
data on several aspects Important to the successful attainment of a Rankin space power plant. 
Most important of these were the fol lowing: 

1 . Provide a means for evaluating the performance of small high speed mercury vapor 
turbines. 

2 . Provide a means of demonstrating operating capabilities and performance of mercury 
lubricated hydrosphere bearings in the environment Imposed by the system. 

3. Provide a means for determining the suitabil i ty of materials used in the high temper­
ature mercury environment. 

4 . Provide a means for determining the effectiveness of turbomachinery seals in the 
actual environment. 

A later version of the TATP included the centrifugal pump on one end of the shaft thereby 
making It a complete turbomachinery package. This permitted the evaluation of the complete 
package with respect to component performance and interrelationships at an early date. 

5.2 Design and Fabrication 

The design philosophy employed in TATP was to obtain a unit capable of providing the 
desired data In economical, f lex ib le manner. This was accomplished by designing all parts 
for ease of fabrication assembly, and modif icat ion. A high degree of precision in selection 
of tolerances and machining was required, however, in order to insure that TATP results 
would be meaningful to future turbomachinery designs. 

Figure 5-1 is a cross-sectional drawing of the TATP. The first TATP units consisted of a 
three stage, impulse turbine mounted coaxiol ly with the alternator on a shaft supported by 
a spherical bearing at each end. The turbine, alternator rotor, and bearings were 
separated from each other by labyrinth seals. The sockets of the spherical bearings were 
contained in end plates attached to the housing at opposite ends. A solid block-type of 
insulation (Mycalex) surrounded the turbine stators to prevent heat loss from the turbine to 
the housing and also served as the structural member between the turbine and the housing. 
In order to provide the desired wide range load for the turbine, a flux switching alternator 
was employed. Instrumentation taps were provided in order to measure several important 
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parameters wi th in the package as wel l as measuring parameters supplied to the package. 
Key among the internal measurements were turbine interstage temperatures, and bearing 
socket pressures. 

In order to obtain component and system data that TATP would furnish early in the program, 
this unit was designed and placed in service concurrently with the development being 
carrled-out on several of its components. Single stages of the axial flow impulse turbines 
were being tested in the SNAP 1 air dynamometer, but the TATP provided the first mercury 
vapor test of multistage turbine. Component test act ivi ty on the hydrosphere bearings 
provided bearings sufficient for early TATP tests, but complete turbomachinery tests, along 
wi th continued component development, further refined the design. 

The bearings were supplied with l iquid mercury which entered through the bearing end plates 
and flowed through a replacable pressure dropping capillary type flow restriction. High 
temperature mercury vapor entered the turbine thru a removable conical first stage nozzle. 
Labyrinth shaft seals were used to insure that a minimum of working f luid was lost from thte 
desired flow path thru the turbine. A labyrinth seal was also employed to control leakage 
between the alternator cavity and the alternator end bearing. An important parameter in 
the operation of the hydrosphere bearing pair Is the totol axial clearance between the bear­
ing sockets and the shaft. Considerations of materials, and temperature gradients in the 
TATP resulted in satisfactory axial clearances being maintained over the operating range. 
The Init ial axial clearance could be accurately set by removing material from the faces of 
the bearing end plates during assembly. 

The experience gained in fabricating and assembling the TATP contributed to the develop­
ment of several fabrication techniques required for highly precise turbomachinery of this 
type. In order that the performance and re l iabi l i ty of the unit be high, the many clearonces 
within the unit must be maintained at their desired values. This meant that machining 
techniques for maintaining the very close tolerances had to be developed. Further methods 
had to be devised to assure dimensional stabil i ty in order that these clearances would remain-
f ixed over the range of operating temperatures. A l l close f i t t ing parts were stress relieved 
after rough machining to minimize subsequent warpage, and final dimensions ground to size. 

One of the most important fabrication developments of TATP was the machining of the turbine 
parts. The three axial flow turbine wheels were rough mochined from solid blanks of tool 
steel and heat treated to a high hardness. Final turbine blode contours were formed in the 
rim of each wheel by Eloxing - electr ic arc machining. This enablsd the complex contours 
of each blade to be reproduced with great precision. 

The shaft of this unit was made hollow to reduce heat losses from the turbine and improve 
cr i t ical speed characteristics. It was created of two separate pieces of tool steel welded 
in the center. Dynamic balancing of the entire shaft assembly was performed with al l 
rotating components in p lace. After balancing to the desired precision (less than 0.001 
inch-ounces of unbalance) the shaft was disassembled in order to integrate with the 
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remainder of the package, and reassembled, making sure that the rotating parts were 
returned to their original positions on the shaft. 

Close attention to the cleaning and inspection procedures during assembly was required in 
order to insure a properly functioning unit. Thorough visual inspection of all close f i t t ing 
parts was required to insure the surfaces were free of burrs or raised spots that could cause 
gal l ing during assembly, or damage during running. Experience with TATP assembly 
resulted in the construction of an air condit ioned, dust free room that was used for such 
act iv i t ies. 

5 .3 Test Results 

Testing of the turbine alternator test package was carried out in the SNAP 1 breadboard 
test fac i l i ty described in Section 8 of this report. TATP test experience Indicated that al l 
of the goals used in the design of this unit were satisfactorily met. A summary of the 
accomplishments of TATP testing is listed below: 

1 . Quantitative data on the performance characteristics of the three stage mercury 
vapor turbine was obtained. 

2 . Performance characteristics of the hydrosphere bearing pair was obtained. 

3 . The successful Integration of the shaft driven pump was demonstrated. 

4 . Valuable Information concerning the testing of high speed mercury vapor turbo­
machinery packages was obtained. 

The most Important object of the TATP effort was to obtain turbine performance information 
that would be useful in the-design of prototype systems. In accomplishing this end, the 
other achievements were also obtained. 

In order to obtain val id turbine data, it was mandatory to determine the performance 
characteristics of the other components of the package. This was required In order that the 
turbine shaft power output could be obtained by measurements of the units electrical output. 
The experimental tool used in accomplishing this was the spin-down technique. This type 
of testing Is accomplished by permitting the shaft to decelerate through the desired speed 
point wi th no driving force applied to i t . By recording the deceleration rate and knowing 
the Inertia of the shaft, the torque acting on the shaft to cause the deceleration may be 
readily calculated. 

Applied to TATP testing, this method was used to calibrate the flux switching alternator, 
to determine bearing fr ictionai power, and to obtain labyrinth seal and windage losses of 
the shaft assembly. By knowing alternator eff iciency and parasitic losses, it was possible 
to obtain accurate turbine output power from a knowledge of alternator output. 
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While simple in pr inc ip le, spin-down testing procedures with turbomachinery such as the 
TATP Were di f f icul t to perform. The principle di f f iculty encountered during TATP testing 
Was to insure that no input energy Was supplied to the turbine during the spin-down process 
The test fac i l i ty instrumentation requirements were stringent since highly accurate turbine 
speed deceleration recordings were required. 

Test experience showed it d i f f icul t to insure that the working f luid supplied to the turbine 
was completely shut off during the spin-down, especially when operating on mercury vapor. 
It Was di f f icul t to obtain a low mercury containing volume between the turbine inlet shut-
off valve and the turbine. For example, l iquid mercury in the cooler portions of the 
turbine inlet pressure line would begin to vaporize as the pressure decayed, thus providing 
flow to the turbine after the turbine inlet valve had closed. It was also dif f icult to obtain 
rel iable fast acting operation of the vaiving in the turbine inlet line which was required 
to operate at 1300OF. 

For this reason, most of the successful spin-down tests were obtained using nitrogen as the 
Working f l u i d . With the TATP preheated to operating temperature, the error introduced by 
using a different working f lu id was negligible and experimental results of much greater 
consistency and accuracy were obtained. 

Figure 5-2 shows the parasitic power of the TATP as a function of a shaft speed as obtained 
from these tests. Once this curve had been obtained, along with an accurate alternator 
cal ibrat ion. It was possible to analyze the performance of the turbine. Operation of the 
TATP at constant speed with variable mercury inlet and exit conditions, resulted in the 
obtaining of many val id data points that could be used for turbine performance analsysis. 
One of the key results of these analyses was that t̂ he TATP turbine had a peak efficiency 
of 46% but the speed at which peak eff iciency was obtained was below the design speed of 
40,000 rpm. Engineering Report 4051 , the SNAP I Power Conversion System Turbine Report 
of this report series, presents a detailed discussion of these analyses. 

The TATP tests were also responsible for showing the sensitivity of low power output turbines 
to shaft seal leakage. Since losses due to working f luid leakage through labyrinth seals is 
chargable against turbine ef f ic iency, reduction of Interstage and high pressure seal leakage 
results in an improvement in turbine eff ic iency. Because of SNAP I's low turbine flow rate, 
these eff ic iency gains from reducing labyrinth seal clearances were significant. 

The hydrosphere bearings first used in TATP were the result of early component testing. 
TATP experience combined with concurrent testing on the component leve l , established that 
this configuration could be improved. TATP test experience, therefore, was responsible for 
an improvement In the hydrosphere bearing performance, primarily with respect to radial loa 
capacity. TATP tests showed that the capi l lary flow restrictions used were sensitive to con-
taminantlon of the lubricant supply. TATP experience provided the beginning of an under­
standing of these problems leading to their solution. More detailed discussions of bearing 
results are found in ER-4054, the SNAP I Power Conversion System Bearing Development 
Report. 
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f A modified version of the TATP Incorporated the shaft dr iven, liquid mercury pump. This 
un i t , sometimes referred to as the Turbine Alternator Pump Package (TAPP) was used to 
demonstrate that the SNAP I single shaft concept Was feasible and presented no unforeseen 
developmental problems. System test rig diff icult ies prevented the acquisition of steady-
state pump data, but pump performance was found to be satisfactory. More notable, how­
ever, the pump flow was coupled to supply the bearings, with complete success; performance 
Was stable and no adverse Intereactlons were present. 
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6.0 PROTOTYPE TEST PACKAGE - PTP 

The Prototype Test Package was the first turbomachinery unit designed with the objective 
of fu l f i l l ing the requirements of the SNAP I Power Conversion System to be used In space. 
This package included many of the features of the Turbine Alternator Test Package but 
was extensively modified because of the change in purpose as well as the avai labi l i ty of 
test Information gathered during TATP tests. 

6.1 Purpose 

The purpose of the Prototype Test Package was to provide a turbomachinery unit identical 
In concept to that which would be ut i l ized in the f inal power conversion system. It was 
also meant to be a "workhorse" unit In that i t would undergo performance, endurance, 
environmental, and f ina l l y , nuclear hot cel l tests. Unlike the end product however, the 
PTP was to be capable of being easily disassembled. In order that effects of operation 
could be easily determined and component changes incorporated without scrapping an 
entire package. 

The PTP design philosophy, therefore, was based upon converting a maximum amount of 
thermal energy from the boiler to electr ical energy. In the most compact,, lightest package 
consistent with the above considerations. Because of this, emphasis was placed upon 
reducing heat loss, viscous drag and combining the components in on optimum manner, 

6 .2 Design and Fabrication 

The design of the Prototype Test Package was based on the integration of the following 
components; three stage axial flow impulse turbine, radial gap permanent magnet alter­
nator, mercury lubricated hydrosphere bearings with flow controlling orif ices, and a jet 
primed mercury centrifugal pump. Figure 2-3 shows a cross section of the PTP identifying 
these components. 

A major factor In the design of the package was to obtain a shaft assembly which would 
meet the requirements of satisfactory operation at high speed In a high temperature 
environment with minimum weight and angular momentum. The PTP shaft was designed 
such that its cr i t ical speed was signif icantly greater than the maximum expected operating 
speed. A conservative analysis of the shaft used in PTP, assuming no stiffening obtained 
from components and a reduced modulus of elasticity to account for the operating tempera­
ture, yielded a cr i t ical speed of 52,000 rpm, or 30% greater than design speed. 

Another major design consideration was to maximize the PTP performance by reducing 
heat losses and loss of turbine working f l u id . Considerations of mercury compatibi l i ty, 
low weight and dimensional stabi l i ty , required that no internal insulation be used. 
Therefore heat losses were controlled primarily by reducing the area available for heat 
f low. 
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The turbine interstages were constructed with small fingers or tabs on surfaces which con­
tacted the turbine housing. The turbine housing also uti l ized thin wall construction be­
tween the turbine inlet nozzle and the exhaust scroll areas. The first stage conical nozzle 
was designed to have minimum heat loss by using a double wall construction with low 
thermal conductivity insulating material between. To reduce heat transfer from the turbine 
working f lu id to the cooler bearing lubricant f low, use was made of thin wall construction 
in the area from turbine inlet to turbine end bearing housing. Contact area of the turbine 
wheels on the shaft was minimized and the hollow shaft also resulted in small areas for 
heat f low. The sphere portions of the hydrosphere bearings were positioned on the shaft 
in a conical seat and the resulting line contact minimized heat f low. 

Due to the small turbine flow rate, losses normally unavoidable due to labyrinth seal 
leakage away from the turbine could easily become a significant portion of the total 
f low. This would result in ineff icient ut i l izat ion of the thermal energy contained in the 
mercury vapors. Therefore, great care was taken in the design of the shaft labyrinth 
seals to restrict such leakage to a minimum consistent with required running clearances. 
Seal leakage Is especially Important from the first stage turbine wheel cavity to the 
turbine end bearing cavity due to the high pressure rat io. For this reason, this seal 
Is the longest in the pockage, as can be seen from Figure 2-3. 

Heat losses from the PTP to the immediate surroundings were minimized by enclosing It 
in a low conductivity insulation and providing low conductivi ty, minimum area points 
for mounting the package to supporting structure. 

The mounting of the rotating components on the shaft had to be compatible with considera­
tions of cr i t ical speed, heat transfer, and working f luid leakage. This required that 
labyrinth seal lengths be as long as possible yet over-al l shaft length as short as possible. 
Carefully planned location of components on the shaft resulted in an optimum configuration. 
For example, the lock nut securing the turbine wheels was placed In the center of the shaft 
so that the high pressure labyrinth seal length would be maximum - significantly longer 
than TATP. Turbine wheel hubs were dished to permit increased interstage labyrinth seal 
lengths. 

Precise balancing of the rotating components is especially vi tal in SNAP I due to the 
high rotating speed. Minimizing unbalance results in lower bearing loads and negligible 
vibration generated by the turbomachinery. Since it was only feasible to build the turbine 
stators as solid cyl indrical units, i t was required that the turbine wheels be removed to 
install these stators after the rotating assembly had been dynamically balanced. Special 
positioning devices were required to insure that the turbine wheels could be reassembled 
onto the shaft in the exact positions previously occupied during balancing. A unique 
wedge ring positioning device was used to accomplish this and to lock the turbine wheels 
and alternator rotor in place. The PTP shaft assembly is shown in Figure 6 - 1 . 

The design of the turbine used In PTP was based heavily on the TATP test results. Partial 
admission was employed in the first two stages with the last stage ful l admission and 
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incorporating slight reaction in order to reduce the chances of erosion due to wet vapor. 
Design details of this turbine can be found in ER-4051 of this report series. Fabrication of 
the turbine parts was similar to that employed with TATP: the machined and hardened wheel 
blanks had blade profiles machined in their rims by eloxing. 

A significant advance in the state-of-the-art of electrical insulation resistant to high 
temperature, nuclear radiation and mercury vapor made the SNAP I alternator possible. 
The stator of the package runs uncooled In a 550°F environment. Details of this component 
are described in ER~4052 of this report series. 

The hydrosphere bearings employed in PTP were the some as those used in the later versions 
of TATP, They used one half inch nominal diameter, ungrooved sockets as had been proved 
optimum, but their f low restrictions were modified to eliminate sensitivity to lubricant 
contamination. The flow restriction consisted of a short stub shaft extending outboard of 
the bearing through a controlled housing diometer. The annular space created between the 
stub shaft and the housing was the flow restriction area. The centrifugal pump, mounted 
on one of these extensions on the alternator end of the shaft, was of the configuration 
previously developed in component and TATP testing. Design details of the bearing and 
pump are found in engineering reports ER-4054, and 4053, respectively, of this report 
series. 

A steel casting was used for the alternator housing in order to most easily satisfy the 
complex flow passage required for the turbine exhaust volute. This volute was designed 
to col lect the turbine exhaust vapor and maintain a constant velocity sufficiently high 
to carry with It any condensed mercury particles Issuing from the turbine. Since PTP 
was to have been tested in the nuclear radiation environment that would be present 
when the system was evaluated with the radioisotope boi ler, no radiation sensitive parts 
could be used. The package was also designed to be capable of modification for a 
complete hermetic seal by welding, but had to be capable of being disassembled. These 
two factors meant that metallic o-rings had to be employed to provide seals at the several 
joints. 

A view of the Prototype Test Package is shown in Figure 6 - 1 . External electric heaters 
are provided for preheating before startup. No insulation that could be considered to be 
prototype was fabricated for PTP, since this was to have been a later program development. 
In operation, commercial insulation in block and mat form is applied to the package to 
control heat losses. Total weight of the prototype test package, although several compro­
mises were made to make it the "workhorse" unit as described, is only 13 lbs. 

6.3 Prototype Test Package Testing 

A l l evaluation of PTP was carried out in either the Breadboard Test Facility or the Systems 
Test Enclosure described In Section 8 of this report. Testing in the Breadboard was primarily 
to determine the unit's performance capabilities while that which took place in the ST E deter­
mined the performance and endurance capabi titles of the unit when Integrated Into the complete 
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Ranklne system - the Ground Test System, This section deals primarily with the evaluation 
of the PTP with respect to performance as it was obtained in either test fac i l i t y . 

The Breadboard Test Faci l i ty with its calibrated source of high temperature mercury vapor 
provided an excellent fac i l i ty for evaluating the performance characteristics of PTP. Prior 
to actual running the complete turbomachinery package, the removable first stage turbine 
nozzle was flow calibrated in this fac i l i t y . Since this nozzle operates with a pressure 
ratio greater than c r i t i ca l , sonic conditions are reached at its throat allowing the vapor 
flow rate to be readily calculated by knowledge of inlet temperature and pressure. Ca l i ­
bration runs were performed to obtain the required discharge coefficient of the nozzle, 
in order that very accurate flow measurements could be calculated. Figure 6-2 is a 
typical calibration curve and shows that the calculated flow is in very good agreement 
with that measured during cal ibrat ion. Determining flow by this method is applicable 
to saturated or superheated vapor on ly , since moisture droplets w i l l pass through the 
nozzle undetected. Therefore, If the vapor supplied to the nozzle Is wet, the nozzle's 
actual flow rate w i l l be higher than that calculated, by the amount of moisture passing 
through the nozzle. This fact is put to good advantage if an accurate flow rate of the 
f ly ld supplied to the boiler and hence to the turbine is known. By measuring these two 
weight flows the fact that the turbine Is receiving wet or dry vapor of calculatable 
qual i ty , is readily determined. This fact is mentioned here primarily because it assumed 
significant Importance during the later GTS testing. 

One of the first results of PTP testing In the Breadboard was the determination that the 
alternator motoring startup technique was not satisfactory, ut i l iz ing the startup system 
avai lable. It was found that the capabilities of the variable frequency power supply 
that was to supply the PTP's alternator did not contain sufficient capacity at the very low 
frequencies to yield the required breakaway torque. Since the component act iv i ty in 
this area had been suspended, and PTP could be adequately started on vapor to the turbine, 
development to obtain a motor startup was not continued. 

Of the PTP hot mercury vapor runs in the Breadboard Test Faci l i ty , one Is outstanding. On 
May 14 and 15, 1959*, PTP-1 operated continuously at fu l l speed and power for 48 hours. 
This scheduled demonstration coming only two weeks after the beginning of testing of this 
new package provided much valuable performance data and gave excellent indications of 
the endurance capabil i ty of this uni t . During this test, speeds up to 45,000 rpm were 
obtained and the shaft pump was used to supply the entire bearing lubricant f low. Figure 
6 - 3 is a plot of key parameters from this test. 

As a result of the highly successful Ground Test System endurance run of 2510 hours, much 
data on PTP performance has also been obtained in complete system tests. When being run 
with boilers that produced wet vapor, the performance of the PTP was degraded. It was 
found that turbine output suffered not only from the decreased energy content of the vapor 
but that wet vapor resulted in lower turbine efficiencies also. For example, when running 
on 80% quality vapor, i t was found that turbine eff iciency was decreased by approximately 
10 points. 
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While two Prototype Test Packages were bui l t during the program, essentially al l of the 
performance and endurance testing was accomplished on the first unit. Although PTP~2 
was bui l t and operated on mercury vapor, the required scope of the SNAP I effort did not 
permit sufficient running time at design conditions to obtain valid performance data^ This 
was unfortunate since PTP~2 had certain design changes which would have resulted in 
performance superior to that of PTP~1. 

PTP-1 was assembled using second and third stage turbine nozzles whose areas were known 
to be greater than design. While it was recognized that this would result in lower turbine 
performance, other aspects of the SNAP I program required that the unit be placed into 
service without correcting these deficiencies. PTP-1 also used the first prototype per­
manent magnet alternator bu i l t . The alternator Incorporated in PTP-2 had design modi f i ­
cations that resulted in its conversion eff iciency being several points higher than that used 
in PTP-1. Primarily for these two reasons, the eff iciency of the turbomachinery package 
was expected to be signif icantly greater in PTP-2 than it was in PTP-1. 

Figure 6-4 is a performance map obtained from PTP~1 test data. For design turbine inlet 
temperature and condenser pressure, the power output of the package is shown as a function 
of turbine inlet pressure and speed. That this performance was obtained from a turbo­
machinery package with known deficiencies, using components with efficiencies less than 
those known to be attainable, and with no system optimization performed, attests to the 
performance potential of not only the turbomachinery, but of this method of producing 
electr ical power in space. 

Developmental problems that appeared during the testing of these two packages were 
corrected within the restrictions of the limited program. One was the replacement of the 
rotating annulus type of bearing f low restriction with the fixed capil lary type originally 
used in TATP„ It was found that while the annular type of orif ice did tend to be self 
c leaning. It was more susceptible to lubricant contamination than was the fixed capil lary 
type of restrict ion. Therefore, the turbine end bearing flow restriction was replaced with 
a fixed capil lary type. Improvements in materials selection, parts cleaning and mercury 
f i l ter ing techniques were also responsible for an al leviat ion of lubricant contamination 
present In the system. Contributing heavily to the amount of contamination were the 
cleaning procedures based upon the use of acids. By substituting cleaning procedures 
ut i l iz ing degreasing techniques on ly , the amount of products of mercury corrosion that 
would contaminate the l iquid mercury was substantially reduced. 

Dif f icul ty was also experienced in obtaining a completely sealed package. The metallic 
o-rings used to seal the several joints were found to require significantly higher torques 
on the retaining bolts than were specified by the manufacturer. While higher screw 
fr ict ion torques were partly responsible for this, several flanges had to be redesigned for 
closer bolt spacing and higher strength bolts specif ied. When i t was determined that PTP 
would not be used in a nuclear radiation environment, this problem was eased by sub­
stituting high temperature rubber o-rings in several places. 
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7.0 SNAP ! GROUND TEST SYSTEM 

The Ground Test System represented the first Integration of the several components de­
veloped under the SNAP I program. This section wi l l describe the design considerations 
upon which this unit was based, the tasks It was designed to f u l f i l l , and a summary of 
significant test results obtained, 

7.1 Purpose 

As Is true of al l aspects of the SNAP I development program, the Ground Test System was 
required \o In/estigate new areas of technology. Since the GTS was the first system of 
mercury Ranklne space power components. Its role to the continuing development of SNAP I 
as well as future Ranklne space power systems was a vital one. Specif ically, the GTS 
was required to investigate the fol lowing areas: 

1 . Performance of the system 
2 . Control dynamics 
3. Component interrelationships 
4 . Startup techniques 
5. Endurance capabilit ies 
6 . System problem areas 

7.2 Design ond Fabrication 

The design philosophy of the Ground Test System con be summarized as: GTS was to be a 
f l ight- type of mercury Ranklne space power system specifically tailored to ground testing. 
This meant that It was to be capable of meeting the envelope requirements imposed by a 
given satell ite vehicle configuration, and require no major system changes as It evolved 
into later versions that would Incorporate radioisotope boilers, a radiant cooled condenser, 
leading to the f inal SNAP I f l ight test system. Reductions In scope and subsequent ter­
mination of the formal SNAP I development program resulted In modification to this con­
cept. Since the f l ight requirement for SNAP I had been cancelled, the considerations 
for packaging the system to match a given vehicle configuration were no longer essential. 

The original GTS deslgi combined the two half power boilers provided by The Martin 
Company, with the Prototype Test Package and a compact air cooled condenser. These 
major components, together with the SNAP I control components, required auxiliaries 
and Instrumentation, made up the GTS. The over-al l configuration of the components 
was designed to be compatible with the satell ite vehicle Intended to ut i l ize SNAP I. 
Figure 7-1 shows this general configuration and 7-2 shows how later versions of the SNAP 
I system could evolve into f l ight configuration with no major redesign. 

For convenience in assembly and testing the turbomachinery package - PTP - together 
with the miscellaneous system components, they were mounted on a platform together 
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with the compact condenser. Figure 7-3 shows this package. Since it was expected that 
the turbomachinery and system auxiliaries would present the greatest need for modification 
and adjustment during testing^ this modular design permitted maximum uti l izat ion of the 
test fac i l i ty by al lowing for a rapid replacement of this portion of the system. 

Figure 7-4 Is a schematic of the Ground Test System showing the flow paths of the f luid 
throughout the system. Flow from the package pump Is metered through a venturi and 
supplied through a f i l ter - assembly to the bearings of the turbomachinery package. Pump 
outlet flow also passes through another f i l ter and venturi flow meter to the boiler Inlet 
pressure regulator. The l iquid mercury discharging from the pressure regulator Is divided 
and enters the half power boilers; separate flow meters are provided a\ the Inlets of each 
boiler to control this flow divis ion. Vapor from the boilers Is supplied through an Insulated 
line to the turbine Inlet^ and the turbine exhaust vapor flows to the condenser. Is condensedj, 
and enters the subcooler. Lubricant flow from the bearings Is collected in a manifold and 
enters a l iquid mercury jet pump. This jet pump util izes a small portion of the high pressure 
mercury from the package pump as the driving f l u i d . It's purpose Is to l i f t the spent l u ­
bricant back to the subcooler where It is mixed with the incoming condensate, cooled, 
and supplied to the package pump Inlet. 

An ouxl i lary mercury supply provided by the test fac i l i ty Is used to f i l l the system with 
mercury, and, depending upon the startup method ut i l ized, provides lubricant flow to the 
bearings until the turbomachinery is at sufficient speed to supply Its own needs. A line 
Is connected to the condenser in order that the test fac i l i ty vacuum system can Ini t ial ly 
evacuate the system and draw off noncondensibles that may be evolved. The alternator 
output of the system Is dissipated In a load bank which Is part of the test fac i l i ty . Also 
a part of the GTS Is the electronic portion of the speed control, consisting of the frequency 
discriminator and magnetic amplifier to provide the modulation of the pressure regulator. 
GTS Instrumentation provldsd for static and dynamic measurement of the pressure, tem­
perature, f low rates, Into and out of each major component, as well as measuring system 
electrical output and electrical Input to the various system heaters. 

As in the case of the Prototype Test Package, the design of the Ground Test System 
considered the effects of the nuclear environment In which It was to operate. However, 
program redirection away from the f l ight requirement resulted in no need for such consid­
erations and hence, the design requirements for GTS were eased. This same program 
redirection eliminated the requirement for Integration to a given vehicle and permitted 
more f lex ib i l i ty in component arrangements while stil l keeping the concept of a system 
potential ly capable of use In space. The most significant results of this concept change 
was the substituting of a single boiler for the two half-power boilers after test experience 
had shown that these boilers did not fu l ly meet system requirements. The single pass 
boiler of Internal configuration, similar to a prototype boiler for use In space, was 
packaged for convenience of supplying heat, Instrumentating, and Installing. It was with 
this boiler that the bulk of GTS operating experience was obtained. 
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7.3 GTS Testing 

While the formal SNAP I development program had ceased at the end of Fiscal 1959, it 
was recognized that the components developed were the first of similar Items for mercury 
Ranklne space power systems to come. In order to provide further experimental background 
upon which these later systems could be eff iciently developed, it was decided that SNAP 
I could make a major contribution In the area of endurance development. Beginning in 
July of 1959, then, the goal of the SNAP I program was to obtain a maximum amount of 
endurance testing of the Ground Test System to demonstrate the endurance capabilities 
of mercury Ranklne space power hardware, to uncover possible problem areas, and to 
point toward their solution. During July and August, 1959, this effort was directly 
funded by the AEC under prime contract AT(30- l ) -2559. Beginning September 1 , 1959 
this endurance testing program was continued under the SNAP II p'*lme contract A T ( l l - l ) -
GEN-8 with the TRW work being performed under subcontract to Atomics International, 
a division of North American Av ia t ion . 

Prior to Init iat ion of complete Ground Test System testing, a series of boiler, condenser, 
and control tests were run to determine steady state and dynamic performance of these 
components. The two half power boilers provided by The Martin Company supplied vapor 
to a turbine nozzle which throttled It to condenser pressure. Excess heat was removed 
In the desuperheater and the condenser returned the f lu id to the auxil iary mercury supply. 
Preheated mercury from the auxi l iary supply passed through the boiler inlet pressure re ­
gulator to the boiler pair. Commercial controllers Installed Oi\ the Inlet of each boiler 
enabled the flow division between the two boilers to be controlled automatically or 
manually. 

The original purpose of this test series was to obtain information on dual boiler outlet 
pressure and temperature response as a function of changes to boiler Inlet conditions. 
This was not completely achieved d je to two characteristics of the dual boiler: They were 
found to produce a surging type of instability that resulted In oscillations in outlet pressure; 
part of the boiler discharge vapor was determined to be wet rather than superheated. 

The manifestation of the boiler Instability was in the form of a discharge pressure variation 
of approximately 20 pslo with 10 sec, period. The boiler outlet moisture condition as 
determined by heat balances and measu'*ements of Inlet l iquid flow vs vapor outlet flow 
was found to be approximately 20% wet. Modifications were made by TRW which consisted 
of auxi l iary preheaters and preboUers mounted at the in le t to the dual boilers. The 
addition of 5 f t . of electr ical ly heated tubing to the Inlet of each boiler resulted In an 
Improvement In the outlet moisture condition and a complete elimination of the instability 
problem. It was found that dry vapor could be produced with flows up to about 80% of 
design, but that wet vapor was obtained for flows in excess of this. 

While the boilers would not permit the desired ful l power operation of the complete system, 
the turbomachinery portion of the GTS was Integrated with the heat transfer and control 
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components and the Init ial system operation was begun. These first system runs demon­
strated that the GTS was capable of stable, full speed operation. It also brought to light 
certain practical dif f icult ies and pointed toward their solution. As discussed In section 
6 , the rotating annul us type of hydrosphere bearing flow restriction was found to be more 
sensitive to lubricant contamination. Therefore, a capil lary type of flow restriction was 
Incorporated in the turbomachinery package. Air and other noncondsnslbles leaking Into 
the low pressure portions of the GTS were found to interfere with proper operation and 
modifications to insure more positive sealing and yet permit proper instrumentation and 
assembly techniques were incorporated. The early runs also resulted in the shakedown 
and Improvement of the Systems Test Enclosure insuring consistent, reliable operation. 

Concurrently with the Init ial GTS testing and the modifications being made to improve 
boiler performance, a single boiler suitable for system testing was designed and fabricated 
by TRW. This electr ical ly heated boiler was bui l t in order that GTS testing could continue 
in the event that the performance of the half power boilers could not be improved to per­
mit design point system operation, or If mechanical failures of these boilers should occur. 
When such a failure did occur, in the form of a mercury leak from one of the boilers, the 
replacement boiler was completed, installed and tested. This boiler consisted of a 
hellcol coll immersed in l iquid lead which served as the thermal bond to electrical heaters 
also Immersed In i t . Heat transfer testing of this boiler was very successful. Tests showed 
that It exceeded the requirements of the SNAP I system. However, before this boiler 
could be Integrated with the GTS, a leak developed which proved to be the result of lead 
stress corrosion. 

A second -eplacement boiler was bui l t which ut i l ized an Identical boiler coll but was 
heated with high temperature radiant heaters rather than the lead bath. This boiler 
also demonstrated heat transfer capabilit ies in excess of those required and no mechanical 
di f f icult ies were present. After the successful checkout of this boiler, the remainder of 
the GTS components were reassembled In preparation for endurance testing of the system. 

The endurance running, described In the fol lowing paragraphs was performed subsequent 
to the program actually conducted under AEC Contract AT(30-3)-217. The endurance 
testing was Ini t iated, however, under AEC Contract AT(11- l ) -GEN-8 , as previously 
explained, and the results are briefly summarized herein for sake of completeness. 

On January 25, 1960, the first Ground Test System, made up of the TRW electrical ly 
heated boi ler, the first SNAP 1 turbomachinery package (PTP-1), the compact air-cooled 
condenser, controls, and auxil iaries, began endurance testing. Satisfactory system per­
formance was established and maln^'oined For 200 continuous hours when a mercury vapor 
leak from an Instrumentation line caused shutdown. Throughout this run the rotor speed 
had been limited to 32,000 rpm rather than 40,000 rpm due to a low setting of the boiler 
Inlet pressure regulator. After repairing the instrumentation and resetting the pressure 
regulator to allow fu l l design speed, the system was placed back in operation with no 
maintenance performed on the turbomachinery package or on any other portion of the system. 
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The endurance test continued, under sponsorship by the AEC, until approximately the 
middle of March. At this time the 1000 hour objective of the AEC program was achieved 
and AEC funding was terminated. The endurance testing of the system continued, without 
Interruption, undar Air Force Contract AF 33(616)~6625. 

The system was run at fu l l speed and ful l power until May 19^ and accumulated a total of 
2510 hours of operation. Upon passing the 2500 hour objective, the GTS was voluntarily 
shut down, with no Indication of any Impending fai lure. 

At the time of preparation of this report, no Inspection of the system has been performed. 
However, several significant achievements of this test can be stated based upon measured 
parameters from the test. 

1 . Bearing performance entirely satisfactory, no noticeable deterioration. 

2. No major effect of corrosion or mass transfer observed on the performance of the 
turbomachinery, 

3 . Turbine performance excellent. No reduction In performance observable. 

4 . Alternator performance good. Non-metal l ic bore seal material appears satis­
factory , 

5. Pump performance promising for first endurance attemtp. Slight outlet pressure 
deterioration observed but thought to be due to air leakage Into system. 

6 . No Indications of Impending failure were present when the system was voluntari ly 
shut down. 

By nearly doubling the design l i fe requirement of SNAP I, the Ground Test System has 
made a major contribution to the development of mercury Ranklne space power systems. 
The Information obtained during this run w i l l moke direct and substantial contributions 
to the design of future Ranklne space power systems, as well as to the design of test rigs 
for evaluating such systems^ 
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8.0 SYSTEM TEST FACILITIES 

Of vi tal importance to any advanced technofogy development program are the facil i t ies 
used to evaluate the chosen designs. Test faci l i t ies for such programs require that much 
ingenuity and engineering skill be uti l ized In their design and construction. The test 
faci l i t ies used during the SNAP I development are examples of this. This section wi l l 
describe these test faci l i t ies and discuss how their di f f icul t requirements were satisfactorily 
met. 

8.1 Breadboard Test Rig 

The primary purpose of the SNAP I Breadboard Test Rig was to provide a faci l i ty capable 
of evaluating the performance of mercury vapor turbomachinery packages. It was also 
capable of evaluating heat transfer apparatus such as boilers and condensers, and other 
components requiring a f low of high temperature mercury. The requirements of this rig were 
to provide a high temperature, high pressure mercury vapor supply over the ful l range of 
turbomachinery requirements and to supply l iquid mercury at the required temperatures and 
pressures. Provision was also made for accepting the turbine exhaust and condensing i t . 
Elaborate instrumentation was required to obtain the required data for proper evaluation 
of operating parameters. Adequate auxiliaries and control devices were also required. 

Common to al l of the SNAP I test faci l i t ies designed and buil t at TRW were the precautions 
taken to Insure the safety of test personnel. As well as the usual care taken in the design 
of high temperature, pressurized components and plumbing, special techniques were required 
to guard against the hazards due to the toxic characteristics of mercury vapor. This was 
accomplished by enclosing al l mercury containing apparatus within a metal-walled room 
or enclosure. Blowers were used to exhaust air from the exhaust air from the enclosures 
to the atmosphere to insure removal of any mercury vapor and to keep the pressure inside 
the enclosure less than that in the surrounding laboratory area. The concentration of 
mercury vapor in ihe laboratory atmosphere as well as that within the enclosure was constantly 
monitored. Whenever personnel had to enter an enclosure, protective clothing and breathing 
apparatus were used if needed. Regularly scheduled physical examinations insured that no 
person could accumulate a dangerous dose of mercury within his body. 

Figure 8-1 Is a photograph of the SNAP ! Breadboard Test Facility showing the enclosure 
with the associated instrumentation and operating controls. 

A schematic of the breadboard test rig is Included in Figure 8-2. Starting at the pump, 
l iquid mercury flows through the accumulator which dampens out the pulsations of the 
positive displacement pump. The total pump flow is metered and divided between the 
boiler flow and the liquid mercury supply. Mercury is evaporated in a pool-type boiler 
consisting of vert ical stainless steel pipe, three inches in inside diameter by five feet 
long. Electrical immersion heaters within this pipe supply the heat to the mercury which 

•enters at the bottom. Superheating of the vapor is accomplished In an electric inline type 
resistance heater. System pressure is controlled with a vapor by-pass control valve actuated 
by a pressure control In the superheated vapor l ine . This valve controls the amount of by-pass 
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f low through a de-superheater and back to the condenser, thus maintaining system pressure 
at the desired leve l . The superheated mercury vapor passes through two turbine inlet control 
valves prior to the turbine in let . The exhaust vapor flows to an air-cooled condenser where 
it is condensed and subcooled. The subcooled mercury returns to the pump Inlet . At the 
pump, a mercury reservoir is provided for f i l l i ng and draining the system. 

The l iquid mercury supply consists of l iquid flow meters, f i l ters, preheaters, and control 
valving to provide several sources for l iquid mercury at desired pressures and temperatures. 
An air separator is provided in the supply to the turbomachinery pump in let . The inlet 
pressure to the pump Is controlled by adjusting the mercury level in this air separator. The 
turbomachinery drain is vented direct ly to the condenser just above the l iquid vapor inter­
face. Various by-pass lines not shown in the schematic are provided for by-passing pump 
and bearing flows to provide for f lex ib i l i ty in test operations. 

In addition to the mercury plumbing shown in Figure 8-2, a vacuum system is included to 
evacuate the system, remove non-condensables from the condenser and "-he air separator. 
An inert gas system (nitrogen) is included to provide a means to cold gas test the turbine 
and provide a non-corrosive cover gas during shut-down. A water supply, drainage system 
and compressed air supply have been included in the design of the breadboard. 

A complete system of pressure and temperature measuring equipment is included to measure 
the system and test rig parameters. Also, a turbine speed sense and over-underspeed cut 
out is provided. Dynamic instrumentation is provided to measure and record transient data. 
Heater power controls, l iquid level controls, and safety devices are an integral part of the 
design. Table 8-1 is a listing of the key capabilities of this test fac i l i t y . 

TABLE 8-1 

Breadboard Test Rig Capabilities 

Mercury flow - l iquid 
vapor 
pressure 
temperature 

Heat rejection - condenser 
subcooler 

40 Ibs/min 
3 Ibs/min 
300 psia, maximum 
1200°F vapor 
350°F liquid 

16,000 Btu/hr 
6,000 Btu/hr 

Instrumentation - pressure 

flow 

temperature 
speed 
alternator output 
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static, Bourdon gages 
dynamic, strain gage transducers 
manometers and calibrated orifices 
for all cr i t ical system flows 
192 channels of thermocouple logge 
recorder and counter 
volts, amperes, and watts from 
25 to 2000 cps 
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8.2 Systems Test Enclosure 

The SNAP I Systems Test Enclosure (STE) was designed and bui l t to perform the following 
functions: 

1. Performance test the complete power conversion system . 

2. Endurance test the complete system. 

3. Evaluate procedures and techniques for power conversion system 
startup and shutdown. 

4 . Perform miscellaneous tests such as boiler heat transfer, component 
performance, and complete system control dynamics tests. 

The STE consists of a metal walled enclosure approximately 14 by 12 and 9 feet in height, 
with consoles of instrumentation and controls. Provisions for the safe operation with high 
pressure and temperature mercury containing equipment similar to those described in 
section 8. I were Included. Figure 8-3 shows the control console with some of the associated 
instrumentation and Figure 8-4 is a view of the enclosure showing instrumentation mounted to 
i t . Through the windows of the enclosure may be seen the Ground Test System. 

Among the features incorporated in the fac i l i ty was an auxil iary mercury supply system for 
f i l l ing the system with mercury and supplying l iquid mercury to the bearings of turbomachinery 
packages. Provisions were made to be able to start systems by supplying mercury flow to the 
boilers from this source. Controls and scheduling devices were also Included to faci l i tate 
system startup by motoring the alternator of the turbomachinery package. The design was 
made versatile enough to allow either a fu l ly automatic or a manually controlled start. 

Electrical controls were provided for al l required line and boiler heaters. Rejection of waste 
heat from the system under test was accomplished by plant air supplied to an air cooled con­
denser. Provision was made, however, to Incorporate power conversion systems with radiant 
cooled condensers. 

instrumentation was originally provided to evaluate system performance rather than complete 
component performance. Changes In program direction later required that provisions be made 
to obtain more detailed data and the required Items to accomplish this were added. Table 8-2 
is a compilation of the capabilities of the STE. 
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TABLE 8-2 

Systems Test Enclosure Capabilities 

Mercury f low - l iquid 
pressure 
temperature 

Ai r Flow - 2000 Ib/hr 

Instrumentation 
pressure 

fl ow 

temperature 

speed 

alternator output 

50 Ib/mln 
250 psia 
350OF 

static, Bourdon gages 
dynamic, strain gage transducers 

pump discharge 16 ib/min with 
manometer and differential 
pressure transducer with venturi 

boiler flow 3 Ib/mln with manometer 
and differentia! pressure transducer 
with venturi 

24 point logger, 12 station 
potentiometer 

digital readout and record 

volts, amperes, and watts from 
25 to 2000 cps 
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9.0 CONCLUSIONS 

The requirements imposed on the SNAP I system as a result of its mission and environment, 
necessitated a coordinated developmental effort which significantly advanced the state-of-
the-art in several f ields. Notable contributions were made in understanding the require­
ments of dynamic power generation in space,developing long l ived, high performance 
auxi l iary power systems and developing materials compatible with high temperature 
l iquid metals. Since SNAP I pioneered the application of long l i fe turbo-electric power 
generation in space, it has been in the unique position of indicating future improvements 
and applications of this method of power generation. 

9.1 Accomplishments of the SNAP I Power Conversion System Development Program 

How well the SNAP 1 program achieved the original developmental goals is shown in 
Table 9 - 1 . This table lists component performances experimentally achieved for com­
parison with the original requirements. The over-al l eff iciency shown, while not exper i ­
mentally achieved, would be obtained If these components were integrated in an optimum 
manner. As stated In section 6 .3 , however, the over-all eff iciency of a turbomachinery 
package made up of components with performances lower than these was very close to the 
value shown In this tab le. 

Specific accomplishments of the SNAP I program of greatest significance are listed below. 

The Ranklne power conversion method for obtaining electrical power In space was 
shown to be more feasible than other dynamic methods. 

Mercury was shown to be the optimum working f luid for the first generation of Ran­
klne space power systems. 

Performance and endurance testing of the SNAP 1 Power Conversion System has 
furnished experimental proof of the feasibi l i ty and potential of this method of ob­
taining electr ical power In space for lorg durations. 

A l l dynamic components of a mercury Ranklne space power conversion system were 
successfully developed and integrated Into a turbomachinery package with but one 
moving part. 

High speed mercury vapor turbines were designed and experimentally showed that 
efficiencies greater than 40% could be obtained with high pressure rat io, mul t i ­
stage. Impulse machines for power outputs of less than one horsepower. 

A permanent magnet alternator, capable of producing up to 1200 watts while opera­
ting uncooled in a 550 F mercury vapor environment, was developed and demonstra­
ted efficiencies greater than 85%. 
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COMPONENT 

Turbine 

Alternator 

Bsarlngs 

Pump 

Control 

Turbomachinery Package 

TABLE 9-1 

SNAP I PERFORMANCE A 

ORIGINAL 
GOAL 

40 

90 
20 

7 

40 
20 
20 
10 

20 
1.86 

287 
12 

25 

10 
25 
60 

PARAMETER 

Efficiency - % 

Efficiency - % 
Overload cap. - % 
Harmonics - % 

Power Absorption - watts 
Radial Load - Ibf 
Axial Load - Ibf 
Lube, flow req 'd. - Ibm/min 

Efficiency - % 
Inlet Pressure - psia 
Outlet Pressure - psia 
Flow rate - ibm/min 

Power Absorption - watts 

Efficiency - % 
Weight - Ibm 
Life - days 

EXPERIMENTALLY 
ACHIEVED 

46 

86 
50 

5.5 

no 
25 
25 

7 

27 
1.86 

380 
14 

15 

9.4 
13 

104* 

T3 
O 

o 
o 
O 
c 
•0 

l> 

voluntari ly shut down 
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A jet-primed, centrifugal pump was developed to successfully operate at 40,000 
RPM, and Inlet pressures less than 2 psia while supplying the system with mercury at 
the required flow and pressure. 

Mercury lubricated shaft bearings were developed and demonstrated rel iable, low 
power consumption performance, for over two and one half thousand hours of fu l l 
speed operation. 

Analyt ical and experimental Investigations of control modes for a radioisotope 
fueled, Ranklne space power system showed solutions to be straightforward. 

The feasibil i ty of col lect ing condensate In zero gravity without mechanical 
devices was analyt ical ly and experimentally demonstrated. 

Added data on mercury boilers for Ranklne space power systems was obtained by 
developing a boiler to enable Ground Test System operation. 

Testing of engineering materials In the mercury environment of SNAP I showed 
several classes of metall ic and non-metall ic materials to be compatible with 
requirements. 
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9.2 Potential Improvements to SNAP i 

Although SNAP I was designed to match the power requirements, and space and weight 
limitations of a given vehicle and mission, it does not represent the ultimate in radioiso­
tope fueled Ranklne cycle auxi l iary power systems. Areas In which notable achievements 
may sti l l be made include performance, weight, compactness, and operational l i fet ime. 
Several studies have been performed which indicate the gains which may be realized in 
more sophisticated versions of the SNAP I system, 

A SNAP ! turboelectric packags of considerably higher performance would have resulted 
if the component development programs had been carried to their conclusions. Unfortun­
ate ly , funds were not available to do this. Several elements of the turbomachinery package 
would have benefited from more extensive development programs,particularly the turbine. 

The ful l potential of the SNAP i system can b© realized only when new design concepts 
and fabrication techniques are Incorporated Into the existing SNAP I technological 
structure. 

9 .2.1 Heat Source 

Endurance testing which has been accomplished to date Indicates that the specified SNAP 
I l ifetime of 60 days can be far exceeded. To match this greater l i fet ime, an increased 
radioisotope heat source capacity would be required, since the power output of the 
original Cerium 144 source w i l l not satisfy ful l power system needs after a 60 day 
operational period. 

9 .2 .2 Modular Design 

More compact system configurations can be achieved with the radioisotope heat source 
than Is evident from the SNAP I arrangements which have been considered to date. A 
module concept. Illustrated in Figure 9 - 1 , probably Is near the ultimate In perfection of 
component organization. This concept involves attaching the turbomachinery package 
direct ly to the heat source and surrounding the entire system with a container which would 
doub'e as the condenser-radiator. 

The major feature of the modular system is the combining of the heat source, turbomachinery 
package, and associated plumbing into a single uni t . In addition to compactness, this 
arrangement w i l l result in a more eff icient system. Mounting the turbine housing directly 
to the boiler can al low heat conduction from the boiler to the turbine housing from which 
heat Is transferred by convection to the working f l u i d . Calculations Indicate that sufficient 
temperature potential and heat transfer area exist to allow this method of reheating to be 
used. This would result in higher efficiencies and lower possibility of erosion. 
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The shell containing the system would serve a second function in that it would contain 
a l iquid biological shield prior to launching of the carrier vehicle. The weight of the 
shield necessary to protect humans from the radiation given off from a radioisotope 
sojrce could be prohibit ively heavy so far as a f ly ing system Is concerned. It, therefore, 
must be removed during countdown. A l iquid shield is most convenient since It can be 
drained easily and rapidly. Mercury, being an excellent gamma ray absorber, is the 
natural choice, 

9 .2 ,3 Startup 

SNAP I was to have been started p'-ior to launch of the carrier vehicle. Since the system 
pump is mounted on the shaft, an external supply of mercury for the bearings was necessary 
for the bearings unti l the shaft was up to speed. Several complications are involved in this 
method of startup. Positively sealed fitt ings would be necessary to allow removal of the 
auxi l iary startup system from a remote locat ion. Since a reasonably large quantity of 
heat must be rejected from the condenser during pre-launch run-up and launch operation, 
an adequate ground and launch cooling system would be required. During launch, the 
operating oowe-- system would be subjected to accelerations, vibrations and shock loads. 
To be operable during this period requires larger bearings and other refinements which 
would not be Incorporated into a system which would be subjected only to a zero-g en ­
vironment or normal gravitational forces. Studies to determine the feasibil ity of a system 
startup In orbit have been conducted and have shown that a system could be designed for 
orbital startup by several techniques. 
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