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Abstract 

The launch of a Rankine power system was intended to show 
the operating capability of the experimental space power sys-
tem during the severe environment of the launching period and 
to place the power system in a ballistic trajectory to obtain 
a 25-min period of operation in zero gravity. Although no 
zero-gravity data were obtained, the test has furnished inter-
esting results that can, at least, provide good general guid-
ance on problems involved in future space power systems. 

1. Introduction 

On December 20, 1961, a complete self-contained, dynamic 
mercury Rankine cycle space power system was launched at Cape 
Canaveral aboard a scientific passenger pod attached to the 
Atlas missile. At the time of launch, the turbo-alternator 
combined rotating unit was operated satisfactorily at its 
rated speed of 40,000 rpm and its rated power output of 250 w. 

This launch marked the successful conclusion of a program 
initiated in July 1960 by the Tapco Division of Thompson Ramo 
Wooldridge for the Air Force Systems Command, Aeronautical 
Systems Division. This program, known as the Dynamic Rankine 
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Cycle Space Experiment, was conducted under Contract AF 33(616) 
7979. This program also was known as the Spud Ballistic pro-
gram. Major accomplishments achieved under this program were 
1) the first successful operation of a complete, self-contained 
hermetically sealed, automatically controlled space powerplant; 
2) the first successful installation and integration of a 
space power system in a launching vehicle; and 3) the first 
operation of a dynamic power system in space. 

During the launch, the power system performed well until 
severe vibration, imposed by the pod structure, caused a sub-
stantial departure from rated operating conditions, and a 
missile hydraulic system failure, at booster burnout, caused 
vehicle tumbling to occur. Prior to the missile malfunction, 
excellent telemetered data were obtained from extensive power 
system instrumentation. The tumble and resulting antenna 
rotation, however, occurring approximately 2 min after launch, 
caused substantial loss of telemetered signal. Pod structure 
damage, occurring 4 min after launch, caused complete loss of 
signal. This loss of signal, therefore, occurred before zero 
gravity operation was encountered and prevented obtaining any 
useful zero gravity data. A major result desired for the ex-
periment was, therefore, not attained. 

Results of the analysis, the design, and the ground testing 
phases of this program, however, have proven to be of major 
value for similar space power systems. Results obtained dur-
ing the flight acceptance checkout and during the installation 
and launch countdown sequence of the Atlas missile also have 
proven to be valuable. In addition, the telemetered data ob-
tained during the period prior to missile malfunction have 
provided information on the acceleration sensitivity of this 
type of powerplant and on its ability to withstand a severe 
environment. A summary of major results achieved in these 
areas is given in the following sections of this paper. The 
paper also describes major zero gravity test objectives that 
were intended for the program that has been conducted and 
which will be major objectives in a second flight of this 
power system under a program that now is being established by 
the U.S. Air Force. 

Results that have been achieved under the program presently 
concluded and that are anticipated under the follow-on program 
promise to be of major importance in providing component design 
information for numerous solar and nuclear power systems that 
now are being developed. Although these results are useful 
primarily to give support to current and future liquid metal 
space power system designs, they also may be seen to be a 
demonstration of capability of a particular mercury Rankine 
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power system that could be useful for application in the 1-
to 3-kw power range. 

2. Background Discussion 

Performance capabilities of dynamic mercury Rankine systems 
for delivery of reliable, long-duration space power have been 
demonstrated thoroughly in the 300- to 3000-w power range un-
der the Atomic Energy Commission, the U.S. Air Force Spud, and 
the NASA Sunflower programs. Extensive development also is 
being undertaken now to extend the power range of the mercury 
Rankine system to the 30-kw level, and advanced systems cur-
rently are being designed to extend this power range to the 
several-hundred-kilowatt level. Higher temperature Rankine 
power systems, using alkali metal working fluids, are under 
active consideration to develop power in the range from 15 kw 
to several megawatts. Programs of this nature include the Air 
Force Aztec and Spur programs, as well as Atomic Energy Com-
mission and NASA programs. 

Before these power conversion systems can be considered 
positively for use in major space missions, however, they must 
be tested in the space environment. Plans for such testing 
of the major space power systems are now being established by 
the U.S. Air Force, NASA, and the Atomic Energy Commission. 
The Atomic Energy Commission and U.S. Air Force sponsored 
Snapshot program, for example, will include an orbital test 
of the complete Snap 2 mercury Rankine nuclear power system. 
The expense and time required for such a test, however, make 
it imperative that preliminary information be obtained to pro-
vide maximum assurance of successful operation in the first 
attempt. The expense of design modifications is also very 
great for large power systems, since they must be tested 
thoroughly for performance, reliability, and environmental 
capability. This factor also makes it essential that com-
ponent designs and system concepts, which are intended for op-
eration in space, should be verified as soon as possible. 

This need for experimental verification of the suitability 
of component design principles and system concepts for oper-
ation in zero gravity has been anticipated by the Atomic Energy 
Commission and the U.S. Air Force. The Atomic Energy Commission 
has sponsored pioneering work under the Offbace program to show 
the operating capability of boilers, condenser, and pumps dur-
ing short-duration, zero-gravity, aircraft flights. The U.S. 
Air Force is sponsoring a potassium boiling-condensing heat 
transfer loop that is suitable for early orbital flight test-
ing. In June 1960, the U.S. Air Force also initiated the 
present Dynamic Rankine Cycle Space Experiment Program. This 
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experiment employs the complete turbine-alternator power con-
version system, originally designed and developed to provide 
a 500-w power output under the Atomic Energy Commission spons-
ored Snap 1 program, and continued in design and development 
under the U.S. Air Force Spud program. 

This system consists of a high-speed mercury vapor turbine, 
an alternator, a shaft-driven pump, a space-type boiler to 
vaporize mercury, a radiator-condenser to return the vapor to 
a liquid state, and a speed control to insure that the alter-
nator maintains a constant 2000-cps output frequency. 

Figure 1 is a schematic diagram of the power conversion sys-
tem, and Fig. 2 is a cross section of the rotating package. 
All rotating components are mounted on a single shaft supportec 
by spherical bearings that use the mercury working fluid as a 
lubricant. A completely welded system is used to prevent loss 
of working fluid and to simulate conditions required for long-
duration space missions. This system is described more fully 
later in this paper. 

Characteristics that made this power system particularly 
attractive for the space experiment are that it is small and 
low in thermal energy consumption, and it has an extensive de-
velopment background. It is important to establish, however, 
that this space experiment was not intended as a development 
program for the particular conversion unit used. It was, 
rather, intended as a research program to give wide support to 
all current and future liquid metal space power units. The 
Snap 1 Spud unit was selected because it was available and be-
cause it employs components similar in design concept with the 
Snap 2, the Sunflower, and numerous other large space power 
systems. 

2.1 Development Background Information 

In evaluating the meaning and importance of this space ex-
periment, the development background and the specific exper-
ience on the experimental systems used must be considered. 
Such consideration will serve to show that the experimental 
system used has been developed and tested to be truly repre-
sentative of a space power system. 

Design and testing on the mercury Rankine system, proposed 
here, began in February 1956 when Thompson Ramo Wooldridge, 
then Thompson Products, began a study program, under sub-
contract to Lockheed Aircraft Corporation, to select an elec-
trical power supply for an earth-orbiting satellite for the 
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WS117L program. Analysis performed during this study showed 
that the Rankine cycle, using mercury as the working fluid, 
was superior to any other cycle or working fluid for the ap-
plication. This analysis also established the mercury Rankine 
system concepts that subsequently have been developed. In ad-
dition to the selection of the power system, this contract also 
supported mercury-bearing and turbine-feasibility testing. 
System control and concepts for condensing the turbine dis-
charge vapor also were investigated. In 1956, concurrently 
with the U.S. Air Force effort, Thompson Ramo Wooldridge per-
formed a conceptual design of a radioisotope-fueled mercury 
vapor power conversion system. The resulting design was the 
basis from which Snap 1 directly evolved. 

In 1957, Thompson Ramo Wooldridge actively began the de-
velopment of the Snap 1 power conversion system hardware. 
This development was sponsored by the Atomic Energy Commission 
under prime Contract AT(30-3)-217. The work performed by 
Thompson Ramo Wooldridge was under subcontract from the Martin 
Company. This effort called for the further optimization of 
the Rankine thermodynamic cycle to convert thermal energy into 
electrical energy, design and development of components to 
accomplish this, and integration of these components into a 
workable power conversion system. Performance characteristics 
of all major system components were obtained, and the complete 
Snap 1 power system was shown to meet required performance 
specifications. 

To supplement these Rankine space power system development 
efforts, Thompson Ramo Wooldridge also was awarded a sub-
contract from Atomics International under Atomic Energy Com-
mission prime Contract AT(11-1)-GEN-8 for the Offbace Program 
(Orbital Force Field Boiling and Condensing Experiment). The 
primary purpose of this program was to obtain experimental 
verification, under actual short-term gravitationless con-
ditions, of the condenser, boiler, and pump design principles 
of the Snap systems. These tests were performed aboard C-131 
and KC-135 aircrafts, resulting in Rankine system heat trans-
fer and fluid dynamics data that confirmed the capability of 
Snap components for operation in limited-duration zero-gravity 
conditions. 

The Snap 1 system also was used in the Thompson Ramo 
Wooldridge Spud (Solar Power Unit Demonstrator) program under 
U.S. Air Force Contract AF 33(616)-6625. The Spud program 
was initiated to demonstrate the feasibility of a closed-loop 
mechanical conversion solar power system, as well as to reveal 
performance characteristics problem areas and future develop-
ment requirements of such a system. This solar power unit 
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program provided substantial design data and, in fact, was in-
fluential in establishing the concept later chosen for the 
NASA Sunflower system. Prior to the initiation of the test 
activities, the program was redirected at the request of the 
U.S. Air Force. Under this program, however, the basic Snap 
1 turbine-alternator was shown to be capable of delivering 
over 1000 w. 

Concurrent with the Spud solar program, Thompson Ramo 
Wooldridge successfully completed a 2509-hr endurance test on 
a Snap 1 closed-loop mercury Rankine cycle power conversion 
system. Preparation and initiation of the endurance test was 
sponsored by Wright Air Development Division under Contract 
AF 33(616)-6625. The objective of this test was to operate 
a complete power system for an extended period of time, on a 
24 hr/day basis, under the design operating conditions of the 
Snap 1 system. It was also an objective to determine the 
nature of the problems that might arise in connection with the 
forementioned endurance objective and to perform development, 
as required, to find solutions. Performance of the system 
during this endurance demonstration was satisfactory, and dis-
continuation was directed by Wright Air Development Division. 
Operation during the test program was continuous except for 
two brief shutdowns that occurred due to external causes and 
not due to any failure of the power conversion system. This 
endurance test demonstrated that long-term operation of a dy-
namic mercury Rankine space power system is practicable. 

In addition to design information provided by systems in 
the Snap 1 power range, the concepts used for the power system 
of this experiment also have been shown to be applicable to 
substantially higher power levels. Thompson Ramo Wooldridge 
is subcontracted by Atomics International under an Atomic En-
ergy Commission prime contract to design and develop the Snap 
2 power conversion system. A nuclear reactor supplied by 
Atomics International is the source of thermal energy for the 
power conversion system. Thompson Ramo Wooldridge also is 
working under the NASA Sunflower contract for the purpose of 
developing a solar power conversion system operating at the 
same power level as the Snap 2 system. Both the Snap 2 and 
the Sunflower units use power system components very similar 
to those of the Snap 1/Spud unit. Other later systems (such 
as the Aerojet General Snap 8 unit) also employ similar com-
ponents. It thus may be seen that the Snap 1/Spud unit, al-
though small in size, is actually a typical or "standard" space 
power system. 

It also may be seen that there is a substantial amount of 
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work which has been completed in the field of mercury Rankine 
cycle space power systems which is directly applicable to the 
space experiment. From analysis, through component optimiza-
tion to system designs and tests, including environmental test 
activity and a long-term endurance demonstration, a background 
has been built which demonstrates the feasibility of a mercury 
Rankine cycle power system for space vehicles. A most impor-
tant task that remains, however, is to obtain component data 
and to perform system tests in the intended environment of 
extra-terrestial space. Information concerning space environ-
ment is available; however, proven data on performance of space 
power system components, operating in this environment, is still 
lacking. It was, therefore, the objective of this experiment 
to supplement the known data, obtained during ground testing, 
with verified information obtained during actual space testing. 

2.2 Objectives 

The major objectives of this space experiment may be enum-
erated best by repeating the instructions of the work state-
ment of U.S. Air Force Contract AF 33(616)-7979. As stated 
therein, these objectives were as follows: 

1) Proof-of-Principle for Dynamic Space Power Equipment. 
Experimental verification of the operation under actual gravi-
tationless and space environment conditions of a Rankine cycle 
space power unit will be obtained. The rotating assembly in 
this experiment will be of the type that previously has com-
pleted ground endurance testing. The space power unit to be 
tested will be instrumented properly to obtain complete unit 
data as well as component information. 

2) Component Data. Detailed boiler and condensing data will 
be obtained during zero g operation, in order to provide guid-
ance for future designs of these components. Information shall 
be obtained to determine whether zero g heat transfer coef-
ficients differ from 1 g values for properly designed com-
ponents. Operation of a boiler and condenser will be conducted 
to provide a demonstration of the ability of these components 
reliably to maintain stable liquid interface shape and positions 
during ground operation and in zero gravity. Hydrodynamic 
bearing operation will be noted to determine if stability will 
be maintained under weightless operation. Centrifugal pump 
operation will be examined in the space environment in order 
to indicate the reliability of this device in operating at low 
net positive suction heads. It also will be the objective to 
determine if any effect occurs during extended zero-gravity 
operation due to collection of noncondensables at the pump in-
let by liquid and vapor viscous forces. 
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3) Component Interrelationship. Particular importance will 
be attached to obtaining dynamic data on the interactions of 
fluid-handling components such as pump and the subcooler and 
the effects of pump inlet pressure variations due to changing 
subcooler liquid heads during the launch environment and in the 
weightless state. Verification that changing heat transfer co-
efficients do not allow gradual displacement of boiler-
condenser inventories also will be obtained. 

4) Launch and Space Environment. Transients occurring dur-
ing the launching phase and injection into an Atlas ICBM bal-
listic trajectory will be examined for their effects on dynamic 
power conversion system operation. 

5) Feasibility on both ground and orbital starting of a dy-
namic space power system will be studied. 

In addition to these major objectives, the following aspects 
also were considered to be of importance: 

1) Provide information on space power system arrangement and 
control requirement. 

2) Demonstrate bearing lubricant drain techniques that are 
suitable for use in zero gravity. 

3) Show that radiator emissivities and overall condenser 
heat rejection rate have been evaluated properly for space op-
eration . 

4) Show that condenser temperature can be controlled proper-
ly in spite of aerodynamic heating and cooling transients. 

5) Obtain identification of space power system installation 
and integration problems in a typical satellite vehicle. 

6) Gain experience on equipment requirements, activities, 
and problems associated with handling space power systems at 
the launch site. 

7) Determine the U.S. Air Force-Contractor team working re-
lationships needed to expedite a state of the art, experimental 
program for launching on a rigid schedule and for obtaining and 
processing the resulting data. 

8) Show capability of turboalternator systems for meeting 
military spec radio noise limits. 

9) Show data transmission and command requirements for a 
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space power system. 

The foregoing list of objectives constitutes a large number 
of important reasons for conducting the experiment. As later 
discussion will show, important results have been achieved in 
each of these areas, except those connected with attainment of 
zero gravity. 

3. Description of System 

The mercury Rankine system schematic and the combined ro-
tating unit design have been shown previously. A brief further 
description of design features of the combined rotating unit 
is as follows: 

1) Overall Unit Design. Design speed 40,000 rpm, operating 
below the first critical; hermetically sealed housing design 
with thin wall sections to minimize heat transfer and thermal 
distortion. 

2) Turbine. A three-stage impulse turbine, having 10% first-
stage entry and expanding to full entry on the third stage; 
turbine flow rate established at the level required to deliver 
250 w electrical output. 

3) Alternator. A single-phase, permanent-magnet alternator 
loaded at 250 w with 115 v, 2000 cps electrical output at de-
sign condition. 

4) Mercury Pump. Backward vane centrifugal impellor, canti-
levered from the shaft and having back vanes to reduce leakage; 
design point 4 psia at the inlet of a supplementary jet boost 
priming pump. 

A sketch showing the arrangement of the complete power sys-
tem in the pod is shown in Fig. 3. The complete system con-
sisted of the boiler, the combined rotating unit with integral 
pump, the condenser-radiator, and the controls. 

From the boiler, vapor enters the turbine, expands, and 
flows into the main condenser header. Condensate, after pas-
sing through the subcooler, is collected in a chamber from 
whence it goes to the boiler feed pump, and the cycle is re-
peated. This condensate chamber was an important feature of 
the system. It was located in close proximity to the pump in-
let, in order to reduce the effect of vehicle lateral accel-
erations upon the pump inlet pressure. The boiler feed pump 
also provides mercury under pressure to the two hydrosphere 
bearings. Liquid mercury from the bearings and condensate 
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from the turbine exhaust scroll are picked up by an ejector 
pump and sent back to the subcooler. A unique feature of the 
boiler feed pump is the jet injector, which provides a net 
positive suction head at all times. This was to prevent pump 
cavitation and flow breakdown. Part of the boiler feed pump 
output was diverted to the jet injector so that the pump primed 
itself as long as it was rotating. For starting purposes, mer-
cury was supplied to the system under pressure so that the bear-
ings and pump could function properly until the unit came up to 
speed. A flow and pressure regulator was provided for the 
boiler. This device served the function of maintaining the tur-
bine inlet pressure at a level compatible with the most efficier 
operation of the unit and with the required power output. Fil-
ters were provided in the system for the purpose of removing 
foreign matter from the mercury flow. 

Batteries supplied power at 110 v to operate the boiler 
heaters. Since the boiler was designed to have a preheat, 
boiling, and superheat zone, the heaters were regulated to pro-
vide the proper temperature for each zone. This was done by 
using thermal switches to control the heaters. The batteries 
were designed to have a useful life of approximately 28 min at 
the required power output. 

Power from the alternator was fed back into one of the boil-
er heaters. This arrangement served the dual purpose of load-
ing the alternator and returning some of the otherwise rejected 
energy into the system. 

A separate external system was provided for startup. The 
purpose of this was to bring the unit up to operating conditions 
After operating equilibrium had been established, the start sys-
tem was disconnected while the unit was running on ground power, 
At liftoff, ground power was cut off automatically and the unit 
then was operating on battery power. 

The structure of the Scientific Passenger Pod, which was 
furnished by General Dynamics/Astronautics, is indicated in 
Fig. 4 and is shown further in the photograph of Fig. 5. It 
can be seen that the pod structure followed standard aircraft 
structure design principles. Basically, the structure con-
sisted of a cylindrical portion that contained the power unit 
topped by a nose fairing that contained the telemetry and pro-
gramming equipment. The cylindrical portion was 30 in. in dia-
meter and approximately 5 ft long. A bulkhead closed the aft 
end and provided a support for the power unit as well as con-
tinuity for the shell structure. 

Two hat section channels across the aft bulkhead supported 
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the framework that carried the boiler and combined rotating 
unit. Originally, the boiler and combined rotating unit sup-
port frame was supported on vibration mounts, which in turn 
were bolted to the main aft bulkhead channels. Vibration tests 
later proved the shock mounts to be unnecessary and undesirable, 
and so stiff supports were substituted. Loads from the aft 
bulkhead hat sections were carried into the pod skin by gussets 
and angles. The radiator-condenser formed part of the structure. 
It covered 180° of the pod circumferentially and extended from 
the aft bulkhead to the upper bulkhead, which supported the 
telemetry unit. Brazed to the condenser skin were the tapered 
tubes running longitudinally and an S-shaped subcooler section. 
Zee section ribs with cutouts for the tubes were spot-welded 
onto the inside of the condenser skin. Longitudinal stringers 
at the edges of the condenser and bulkheads at the extremeties 
provided stiffness in buckling and bending. Since the con-
denser skin would be at a different temperature from the pod 
structure, the entire condenser was insulated from the pod 
structure by asbestos strips. Structural loads were carried 
into the pod structure by shoulder screws riding in elongated 
holes. The elongated holes in the condenser skin allowed long-
itudinal expansion of the skin. Flexibility of the condenser 
itself took care of lateral expansion. The pod was attached to 
the Atlas by four support fittings that were connected to the 
pod ejection mechanism. Loads at the attachments points were 
carried into the pod frames and skin by gussets. Design load 
factors for the pod structure were 1) maximum forward accel-
eration 10 g with 1 g lateral; 2) maximum aft acceleration 4 g 
with 1 g lateral; and 3) maximum lateral acceleration ± 5 g 
with 2.5 g forward. 

Vibration requirements for the structure were 0.4 in. 
double amplitude from 5 to 10 cps, then - 2 g from 10 to 200 
cps , 

Equipment within the pod was designed for 0e4 in. double 
amplitude from 2 to 20 cps, then ± 8 g from 20 to 2000 cps. 
This requirement made it necessary to tie down some of the 
longer runs of piping. It also affected the design of the 
four main powerplant support pedestals. 

A further important feature of the power system design was 
the condenser insulation blanket. This was a 1/16-in. asbestos 
sheet, covered by an 0.005-in. stainless sheet, which complete-
ly covered the condenser-radiator during ground and launch op-
erations. This blanket was designed to prevent condenser over-
cooling during ground operation and during the first 70 sec of 
the launch period. This blanket also, then, served to prevent 
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condenser over-temperature due to aerodynamic heating during 
the period from 70 to 135 sec. This blanket was programmed to 
be ejected at 135 sec to allow the radiator to reject heat nor-
mally upon leaving the atmosphere. 

The power system was instrumented extensively. Table 1 
shows the data that were sent via the General Dynamics Scien-
tific Passenger Pod telemetry system for the flight unit. 

Table 1 Direct measurement data obtained 

Temperatures 

Turbine inlet (2) 
Boiler discharge 
Boiler inlet 
Boiler heaters (4) 
Parasitic load heaters(2) 
Turbine housing (2) 
Alternator housing (2) 
Alternator winding 
Turbine exhaust 

Condenser inlet 
Condenser surface (9) 
Subcooler liquid (2) 
Pump inlet 
Bearing supply 
Bearing drain (2) 
Pod ambient 
Battery compartment 
Transducers 

Pressures 

Nozzle inlet 
Condenser 
Pump discharge 
Alt. bearing socket 
Turb. bearing socket 

Boiler flow diff, 
Pump flow diff. 
Bearing supply 
Boiler inlet 
Pump inlet 

Accelerations Power 

X, Y, Z axes 
Roll axis 
Pitch axis 
Yaw axis 

Voltage 
Amperage 
Frequency 

In addition to this set of direct measurements, numerous other 
parameters can be derived. For example, alternator power is 
derived from voltage and amperage, and liquid levels are de-
rived from accelerations and pressure differentials. 

The accelerometers on the X, Y, and Z axes had full-scale 
outputs of ± 10 g's. The roll, pitch, and yaw accelerometers 
were full scale at ± 0.05 gTs and were intended to detect tum-
ble rate in flight. Chromel constantan thermocouples and 
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platinum grids were used for temperature measurement, and 
strain gage absolute pressure transducers were used to measure 
pressure and flow. 

Ground checkout data were read by duplicate instrumenta-
tion, read out over a "land line" into Sanborn pen recorders 
and other indicators. This provided a check of the flight in-
strumentation. Flight data were transmitted via a six-channel 
commutated telemetry set as follows:1)frequency: continuous; 
2) accelerations: three-segment commutator at 1/8 rps; and 3) 
pressures, temperature, and power: 60-segment commutator at 
5 rps . 

4. System Ground Test Results 

The power system used in the flight experiment was exten-
sively ground-tested prior to shipment of the system to Cape 
Canaveral. The primary purpose of the present discussion is to 
review flight results. Ground-test results will, therefore, 
not be described extensively. Since major space power system 
testing achievements first were accomplished in this ground-
test program, however, it is worthwhile to review briefly some 
of these achievements and the problems that were encountered. 

The first major problem encountered in checking out the 
combined rotating unit in the startup and operation sequence 
required for the ballistic pod system was a failure of the al-
ternator bore seal. The original Snap 1 alternator incorpor-
ated a pyroceram bore-sealing material to keep mercury ex-
cluded from the stator winding. It was found that this mater-
ial cracked during rapid startups, allowing mercury to short 
the stator winding. Fortunately, however, the Snap 2 program 
had developed a glass-sealed alternator stator, incorporating 
stator stack precompression to control differential thermal ex-
pansion. This sealing technique was, therefore, incorporated 
into the Snap 1/Spud unit and resulted in a very satisfactory 
solution to the problem. After this change, the combined ro-
tating unit was subjected to repeated rapid start-and-stop 
sequencing with no further alternator bore seal difficulty. 

A further difficulty encountered during rapid startup was 
binding of the bearings, due to transient differential thermal 
expansion between the shaft and the housing. This was caused 
by different rates of heating and produced the result that 
bearing clearances, which were considered optimum for steady-
state running, still required modification for ease of startup. 
This problem was troublesome because of the tight launching 
schedules but was solved readily by a combination of increased 
bearing axial clearances, housing temperature control during 
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startup, and controlling the rate of startup. 

A further item that caused delays in final systems assembly 
and system testing was difficulty in locating minute system 
leaks. Leaks large enough to cause appreciable collection of 
noncondensable gas in long-duration operation proved very dif-
ficult to locate with helium leak detection equipment. These 
problems were solved successfully but it is suggested that 
special testing and development in anticipation of the problem 
will be advisable for future hermetically sealed system oper-
ation. 

A final fact that deserves mention is that system operating 
difficulty was encountered due to minor deposition of material 
in the throttling orifice of the flow regulator. This problem 
was most severe in the early hours of operation of the system 
and was solved completely by modifying the flow regulator to 
have a flow-adjustment feature. The ease with which this prob-
lem was solved is considered especially significant since the 
entire pod system was constructed from readily available (pri-
mary austenitic) stainless steel. 

In spite of the forementioned testing problems, the flight 
system was checked out satisfactorily and delivered on schedule 
The following list of accomplishments was demonstrated in makin 
this delivery: 

1) Satisfactory operation of a self-sustaining hermetically 
sealed space power system had been achieved. 

2) The turboalternator had been shown to have a reliable 
multiple start-stop capability and had achieved rated output. 
All components were operating properly. 

3) The automatic speed control system was functioning ex-
tremely well with frequency maintained at ± 2 cps out of 2000 
cps . 

4) All startup controls and instrumentation were working 
properly. 

5) The combined rotating unit had demonstrated ability to 
operate during vibrational acceleration of 5 gTs from 5 to 2000 
cps. The entire power system had shown structural integrity to 
3.5 g's. 

6) The system had passed radio noise tests, meeting the full 
MIL-I-26600 requirements. 
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In view of these accomplishments, the system was deemed 
ready for flight test. It was, therefore, transported directly 
to the "skid strip" at Canaveral on November 20, 1961, using 
military air transportation, arranged by the program coordin-
ator at Air Force Special Weapons Center. 

5. Canaveral Acceptance and Launching Test Results 

Installation of the telemetry and setup, calibration, and 
pre-flight testing of the system took place between November 
21 and December 12, in the assigned area of hangar H at Cape 
Canaveral. The test program consisted of the following tests: 
1) telemetry checkout; 2) system operation and telemetry com-
patibility; and 3) programmer validation. 

5.1 Hangar Checkout 

The hangar test of the power system was conducted on Decem-
ber 12 as an integrated power system and telemetry check. Fol-
lowing the usual preheating and bearing flow-calibration pro-
cedures, mercury vapor was introduced to the boiler and the 
space power unit started and operated properly. Less difficulty 
was, in fact, experienced with operation of the experimental 
power system than with many other more "standard" pieces of 
equipment. Bearing socket pressures were somewhat low, however, 
and hence the system was not brought up to full design boiler 
flow. The decision was made to operate the unit for an ex-
tended time in order to generate sufficient data to evaluate 
and calibrate the telemetry. Checkout tests during this oper-
ation showed that all telemetry data were being received. Some 
discrepancies existed between land-line and telemetry data which 
were corrected by telemetry rework. At the conclusion of this 
successful checkout, the power system was shut down, and the 
startup console then was removed to transport it to the pod #11 
launch tower. This console was placed on the third deck of the 
tower in close proximity to the position on the Atlas which was 
to be occupied by the pod. 

5.2 Tower Checkout 

After hangar checkout, the Sanborn recorders and the data 
and boiler consoles were moved to the blockhouse and instrument 
room. Installation was completed, and circuit continuities 
from consoles to umbilicals were checked out and found to be in 
good order. Plumbing connections from pod to start console and 
from pod to liquid level sight glass were completed without dif-
ficulty. After connections and preliminary checks were com-
pleted, the flight acceptance checkout test was conducted on 
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December 18. During this checkout, suitability of the power 
system startup sequence for integration with the Atlas booster 
countdown procedure was demonstrated, and it finally was de-
cided by the Atlas test conductor that the experimental system 
would be included on the flight. 

5.3 Flight Test 

Startup for launch took place on December 20, at 13:30 hr, 
and carried through the hot-flow static-bearing check at 16:00. 
At this time the tower was evacuated for red area work, and the 
system remained in a standby heated condition. Thompson Ramo 
Wooldridge engineers and technicians then returned to the tower, 
and boiler flow was started at 18:00 and brought up to design 
value. The power system again started in a satisfactory manner. 
Bearing pressure, however, was observed to be approximately 60 
psi below the design value, resulting in a turbine end bearing 
pressure of only 20 psia. This low pressure at the bearings 
was determined to be due to a high pressure drop that had de-
veloped across the bearing supply filter. Also, nozzle temper-
ature was at saturation since the high heat flux section of the 
boiler inlet was indicating 1000 F, whereas it should have been 
1200°F. In spite of these deficiencies, it was decided to make 
the launch, since the unit appeared to be operating satisfactor-
ily. At T-150, disconnect of the pod and start console was 
started and completed at T-125. For more than 2 hr prior to 
launch the power system was, therefore, operating completely 
self-sustained and controlled. The start console was moved to 
a safe location and secured at T-105. At T-95 (exactly on 
schedule), all Thompson Ramo Wooldridge personnel left the 
tower. At approximately T-75, the tower was removed. As the 
tower was being moved and again at T-55, ground power to the 
boiler was lost due to an inadvertent interconnection of that 
circuit with the tower lights. Battery power was used for 
these two brief periods, and the batteries recharged until 
liftoff. At T-45, ground power had been restored to the sys-
tem, and all Thompson Ramo Wooldridge personnel left the trans-
fer room. 

At this time further checking of the land line circuitry 
also revealed that a spurious voltage was causing an incorrect 
indication on the turbine bearing pressure transducer. This 
pressure was shown to be even lower than 20 psia. At this time, 
however, the unit was operating in an entirely satisfactory man-
ner. Because of the secondary nature of the experiment, it alsc 
was understood to be impossible to remove the system. The pod 
system was, therefore, reported Mgo'T in the final status check. 

Liftoff of the Atlas was achieved at approximately 22:00, 
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with the power system operating smoothly. The liftoff appeared 
to be entirely normal, but at booster engine cutoff, the test 
conductor reported that the missile had malfunctioned. 

6. Performance During Flight 

Until the time of liftoff, the power system performance was 
monitored through the instrumentation attached via the land 
line to the pod umbilicals. As the rocket engine firing began, 
the pod was subjected to heavy vibration. Output signals from 
the pressure transducers fluctuated widely, but the turbine 
speed trace held entirely steady. 

After umbilical disconnect, the blockhouse data signals were 
discontinued. Arrangements had been made, however, for Thompson 
Ramo Wooldridge personnel to monitor output from the pod tele-
metry signals from the telemetry trailers. It was encouraging, 
therefore, when the missile passed through the 70-sec, maximum 
aerodynamic pressure period and the telemetry trailer crew re-
ported that the turbine was still operating at exactly its 
rated speed. At this time it was also reported, however, that 
the power system was in heavy vibration. 

Shortly after this period, it was reported that all signals 
were fluctuating wildly. This fluctuation later was determined 
to be due to telemetry antenna rotation as the missile attitude 
control system malfunctioned due to a loss of hydraulic system 
pressure. At about 4 min after launch, it was reported that all 
signals had been lost. 

Subsequent analysis of the telemetered data obtained during 
the early launch period has indicated that the power system 
maintained constant speed within less than J% of rated speed, 
and all other components operated as anticipated. This smooth 
operation was maintained in spite of a vibration of the pod, 
measured at over 10 gTs, which began about 35 sec after lift 
off. This vibration, which is estimated to have been as high 
as 20 g's, persisted until the 2-min period, at which the 
violent attitude oscillations began. 

After approximately 100 sec after liftoff, the telemetered 
data indicate that the turbo alternator experienced a severe 
oscillation in speed. It is significant, however, that this 
oscillation was not due to a bearing seizure, since the change 
occurred over a period of about 4 sec and since the telemetered 
data indicate that the unit was still rotating at 4 min after 
liftoff, when the last readable signal was received. 
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Analysis of the telemetered data to determine the maximum 
amount of component operation information and to determine the 
cause of the observed speed change is still in process. Data 
reduction and correlation programs and analysis programs have 
been set up and will be run off at the Air Force Special Weap-
ons Command computer center at Albuquerque, New Mexico. Be-
cause of the severe environment in which the turbine was oper-
ating, these results are expected to be of value chiefly in 
showing capability of the type of power system for rough hand-
ling, rather than for operation in the space environment. A 
current hypothesis obtained from preliminary data evaluation 
is that a mercury leak, caused by the severe vibration, may 
have been the cause of the speed oscillation. A second pos-
sibility is that the oscillation occurred merely because the 
high vibration and linear accelerations overloaded the bearing, 
due to the low bearing supply pressure. Since no zero-gravity 
operation was obtained, the flight data will not show the feas-
ibility of Rankine powerplants for operation in space. Evalu-
ation of the data, however, will contribute to achieving an en-
tirely successful second flight of this experimental system. 
A change for the next flight system, which already is clearly 
indicated, is to change the bearing filters, substituting de-
signs that do not give the increasing pressure drop after each 
shutdown. A different type of filter has been tested exten-
sively on the Snap II and Sunflower programs which does not 
exhibit this phenomenon. 

It is also possible, however, that the further analysis of 
the flight data will provide indications of the acceleration 
sensitivity of the Rankine cycle system. One factor that is 
interesting, in this regard, is that a boiler temperature 
fluctuation appears to have occurred during the launch, with 
the boiler exit temperature beginning to decline at liftoff 
and continuing until 60 sec after launch. Such a fluctuation 
could have been due to the linear acceleration or, conceivably, 
due to the effect of the vibration upon the system fluid dynam-
ics and heat transfer. If such effects would exist, understand-
ing of them would contribute to space power system technology. 

7. Results and Conclusions 

The dynamic Rankine cycle space experiment was intended to 
provide an indication of the problems involved in integrating 
a dynamic space power system into a space vehicle, launching 
it into a ballistic orbit, and operating it in the space en-
vironment . This experiment was intended to obtain data on com-
ponents, operating in zero gravity, and the interaction of such 
components. 
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In spite of the fact that no zero-gravity data were obtained, 
this test has provided a series of interesting results: 

1) The capabilities for reliable, consistent operation have 
been shown for a complete, portable, hermetically sealed, auto-
matically controlled turbo-alternator space power system. 

2) The capabilities of this system for withstanding severe 
environments have been shown, both in flight and in ground 
tests. 

3) Important experience has been obtained on the require-
ments for integrating this type of power system with a launch-
ing vehicle and matching the countdown sequence. 

4) Satisfactory solutions have been found to a number of 
space power system development problems. These include alter-
nator reliability improvements, development for techniques for 
control of differential thermal expansion in rapid startup, 
and development of adjustable flow regulators to overcome the 
slight problem of deposition of mass transfer product in 
throttling orifices. The only remaining system performance 
deficiency indicated, for the experimental system used, is to 
eliminate the filter pressure drop phenomenon. 

5) The flight performance results obtained provide an impor-
tant source of information upon the effects of acceleration and 
vibration on an operating liquid metal powerplant. 

Although these results cannot be expected to be completely 
and fully applicable to all future space power systems, they 
may, at least, be expected to provide good general guidance on 
the problems involved. These results also provide a large 
measure of experience which will contribute to the task of 
achieving good zero-gravity test results in a forthcoming re-
peated flight of this system. 

Finally, it is hoped that the satisfactory performance of 
the Spud Rankine space power system achieved in ground test and 
under severe flight conditions, in this experiment, will be 
evaluated closely by those who are considering development of 
this class of equipment. This achievement, following the suc-
cessful completion of the 2500-hr endurance run, provides an 
important basis for confidence in the capability of such a 
system for operational use. 
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Fig. 3 Space power system test package 

Fig. 4 Turbo-alternator hardware mounted in test capsule 
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Fig. 5 Test pod mounted on Atlas missile 
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