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ABSTRACT
Chemically fueled systems will he the principal source
of power for space vehicles during the next five to ten years,
for power levels in excess of 2 to 5 kilowatts· These systems are lighter than solar or nuclear power systems for
missions of less than a few hundred hours duration· Because
of their safety, compactness^ and current availahility, chemical
systems will he used for durations even longer than would he
justified from weight considerations alone·
Three chemical power systems are discussed: The Sundstrand Model 87LA, a hydrazine fueled turhomachine; The
Vicker's cryogenic system which uses a three-cylinder radial
engine fueled "by liquid hydrogen and liquid oxygen; and the
Sundstrand Cryhocycle, a cryogenically fueled turbine power
plant based on a new thermodynamic cycle. These systems are
compared in terms of their performance, availability, and
self cooling capacity· The Sundstrand Model 871A is in the
final stages of Pre-Plight Rating Testing^ it consumes
3.6#/HpHr. The Vicker's engine and the Cryhocycle, which are
both integrated power generation and cooling systems, will be
ready for flight within two to three years· Their performance will be approximately l#0#/HpHr.
I·

The Role of Chemical Power Systems in the Space
Power Spectrum

Chemically fueled power systems will find applications
in many orbital, re-entry and space vehicles. These applications will be more widespread than one might suppose in
reading the current literature on space power systems· It is
true that any really long duration space missions would
require prohibitive fuel loads for large power levels· This
1#
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provides a strong incentive to solar and nuclear power system
devabpment. In the meantime, however, the kilowatt hour
requirements of missions during the next five to ten year
period will be limited to levels compatable with chemical
power system performance.
Several factors dictate the selection of chemical power
systems for particular applications. These are discussed
briefly below·
A. Weight
Many studies have been conducted to establish the
proper place in the power-duration spectrum of various types
of space power plants. Zwick and Zimmerman (Ref. 1) find
chemical systems to be superior weight wise for power levels
in excess of 1.0 Hp, for durations up to 50 hburs. Howard
and McJones (Ref. 2) find chemical systems superior for durations varying from 50 to 200 hours depending on the power
level. Both SNAP II and Sunflower I are 3^w systems which
will weigh about 1000 pounds. A cryogenic chemcial power
system at l#/HpHr would be superior weight-wise to these devices for durations up to 250 hrs. This is long enough for
a flight to the moon and returnj
Crossover analyses between chemical power systems
and nuclear and solar power systems are normally based ona
continuous load requirement. As noted by Howard et al, (Ref. J\
the requirement for a noiv-uniform power level extends this
crossover time inversely with the load factor. Thus if power
is required for only 20$ of the time, a chemical power plant
which is capable of starting and stopping,and whose propellant
consumption at part load is roughly proportional to the load,
will show a weight superiority for durations ranging up to
500 hours depending on power level. A related important
feature of chemical power plants is their ability to provide
peak power greatly in excess of the nominal power level at
which the power plant is operated, without an excessive weight
penalty.
It is clear from these studies that chemical power
systems will show weight advantages over nuclear and solar
power plants, for a wide variety of orbital and lunar space
missions.
B.

Safety

Nuclear power plants will eventually be used for
long duration applications requiring pov/er levels in excess of
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30 kilowatts. These power plants present an extreme radiartion hazard to "both men and equipment. An analysis of the
radiation hazard from the SNAP 2 reactor has been prepared
"by Anderson and Lundholm (Ref. 4 ) . At a weekly permissible
dose of 0.3 rem, a separation of almost 1 mile between the
crew and the reactor is required unless shielding is employed*
Shielding studies for nuclear systems (Ref. 5) indicate that
the weight of a shield can only be held to a reasonable value
by careful geometrical orientation of the power plant and
reactor with respect to the other portions of the vehicle.
While this approach yields satisfactory shield weights for
the particular vehicle, it conversly makes these vehicles
unapproachable from almost every direction except that area
protected by the shield. Vehicles of this type cannot be
safely re-entered intact into the atmosphere except by use of
a long period (on the order of 300 years) between shut down
of the power system and re-entry (Ref. ^ ) .
Nuclear Power Systems thus present a combination of
unapproachability, except at the expense of great weight, and
lack of immediate re-entry capability. This suggests that
manned satellite experiments using nuclear power will require
the development of a space station approach wherein the
satellite laboratory which includes the reactor is placed in
a long duration orbit. Operating and maintenance personnel
would then be ferried to and from the space station. Great
care will be required during these ferry operations to avoid
approaching the station from the wrong direction.
Launching of an experimental laboratory of this
type will be a major undertaking, the cost and complexity of
which will not be warranted for many experiments. We may
therefore expect that because of their convenience and safety,
chemical power systems will be used for durations considerably
in excess of that which can be justified from weight considerations alone.
C#

gpmpactness

Solar power plants, while not presenting the
elemsnts of hazard associated with nuclear systems, introduce
other problems. At power levels in excess of 30 kilowatts,
the mirror size required becomes quite large. A 30 Kw system
comparable in efficiency to Sunflower I would require a
mirror 10C feet in diameter. A 30 Kw system similar to the
15 Kw power plant currently under development by WADD would
require a mirrcr almost 60 feet in diameter* The difficulties
involved in stowing and deploying such a mirror with sufficient accuracy are considerable. Worthwhile studies of this
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problem are just beginning.
If we wish to re-enter an orbiting vehicle powered
by a solar dynamic engine, provision must be made to either
collapse and again stow away the mirror, or else it must be
cut loose from the vehicle. Provision of adequate structure
to protect the folded mirror during re-entry would add considerably to the vehicle weight. Detachment and loss of the
mirror, on the otherhand, seems unnecessarily wasteful for
many missions. In either case a secondary energy source,
probably an enlarged heat storage system, would be required
to provide power during re-entry. This would result in an
increase in overall vehicle weight.
This combination of problems will again result in
the use of chemically powered systems for durations considerably in excess of those which would be dictated by weight
consideration alone.
D. Emergency Power
In addition to the prime power supply on a satellite laboratory or space vehicle, there will be a need for an
emergency power system capable of supplying minimum power
requirements in the event of a failure in the main power
plant. With the present state of uncertainty in regard to
the meteoroid penetration problem, an emergency system seems
absolutely essential. These systems will probably use hydrazine because of its convenient storage characteristics,
although long duration storage of cryogenic fuels is also
developing rapidly.
E. Availability
Perhaps the most significant difference between
chemical power plants and solar and nuclear systems is that
of current availability. Chemical systems using hydrazine
monopropellant are available now while only a short development time will be required for advanced cryogenic chemical
systems. A 60 Bp. hydrazine power plant with a nominal duty
cycle of 4 | iirs# i s described in part III of this paper. This
machine, the Sundstrand Model 871A, has partially completed
preliminary flight rating tests. Continuous endurance tests
of the Model 871, an earlier model of this machine, have
demonstrated 47 hours of continuous operation without malfunction. Although zero G operation of this system has not been
demonstrated, there is little doubt that it could be incorporated satisfactorily into a satellite experiment within less
than a years period.
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Advanced chemical systems rising cryogenic fuels
with power levels up to ^0 Hp will be ready for flight within
less than three years· Programs directed toward the development of advanced cryogenic power sytems are currently under
way at Sundstrand, Vickers, Walter Kidde, Thompson Ramo
Woolridge, and A iBe search«
If we contrast the current availability of chemical
power systems with a realistic view of the probable delivery
time for solar and nuclear power systems we again find the
same general trend* The SNAP 2 nuclear power system is
scheduled for flight testing early in 1963 (Ref. 6) while
Sunflower I has initial flight test scheduled for 1963-1964.
It is the view of this writer that these dates are extremely
optimistic and that even these low power level solar and
nuclear power plants will not find application as prime movers
before 1965·
SHAP 2 and Sunflower I are both low performance
closed cycle systems which use mercury as the working fluid.
Advanced high power level systems will use the alkali metals
potassium and rubidium as working fluids. Development of
these advanced closed cycle sytems will require materials
property data, some of which has not even become the subject
of active research at the present time. It seems quite likely
therefore that, with the possible exception of SNAJ? 8f there
will be no solar or nuclear power plants available at power
levels in excess of 5 kilowatts for another seven to ten years#
This writer would like to believe that he is wrong
in this pessimistic view of the development time required for
these long duration space power plants. The facts indicate,
however, that all space experiments which require more than a
few kilowatts of power will be forced to rely on chemical
systems for the next five to ten years regardless of their
intended duration.
In summary then, we find that chemical systems have a
definite role in the space power spectrum. They show weight
ad vantages over other means of power generation for applications with durations up to a few days. They will always be
used for even longer durations when such factors as compactness, flexibility and safety overshadow weight consideration.
Chemical systems will fill a specific need for stand-by
emergency power. And finally the immediate availability of
chemical power systems will tend to reverse the role of system
requirement and system selection. In fact for the next five
to ten years, satellite and space vehicle power requirements
will be designed around the characteristics of available
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chemical power systems.
II· The Integrated Cooling Concept
Ift parts III and IV of this paper, the characteristics
of several chemical space pov/er systems will "be discussed.
The cryogenic systems discussed differ from the monopropell*·
ant system, not .only in performance, hut also in their self
cooling, ability. In order to understand this latter feature,
it is necessary to examine the relationship of the power
system to the thermal balance of the space vehicle.
It is possible to distinguish two important classes of
space power system applications. We shall designate these as
class M A M and class "B M . In class "A" application, all or
substantially all of the pov/er generated by the pov/er system
is consumed internally. There is negligible net power transfer away from the vehicle. There may of course be temporary
power flow to the outside through aerodynamic control surfaces, but this power is returned when the external forces do
work on the hydraulic system and the control surfaces are
returned to their undeflected positions.
Class "B11 applications are characterized by an appreciable fraction of the power generated being used to do work
external to the vehicle. The work thus delivered to the
outside environment will not appear as heat within the
vehicle. No provision for heat rejection is required for
this external work.
Examples of class "Aw type systems include most lunar,
satellite, and ferry vehicle applications in which the power
system is not tied in with the propulsion system. Class "B"
systems include ground power plants used for motive power
(as for example on a lunar ground vehicle), power plants used
for electrical propulsion, remote power plants whose output
is consumed a great distance from the source, and power
plants which convert a large fraction of their power into
microwave energy which is radiated from the vehicle for
communication purposes.
The class "AM systems, which constitute the majority of
the interesting applications, present a unique situation in
power generation. If we look at the power system and vehicle
as a whole, we find that the net energy output is zero since
all of the power generated is consumed internally. All of the
energy output of the prime mover is eventually converted into
heat. This heat must be rejected in order to maintain thermal
equilibrium within the vehicle. The heat may be rejected by
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radiation, by a secondary cooling system, or it may he
absorbed into the propellants utilized by the power system«
Use of radiant heat rejection will not be practical for
many vehicles having large power consumption together with
low internal temperature requirements. Consider a manned
vehicle, 6 feet in diameter and 30 feet long, with an
adiabatic skin temperature of 70°F, an emissivity of 0*8, and
an internal power consumption of 60 Ep. A skin temperature
of 300°ir would be required to reject the thermal equivalent
of 6o Hp as radiant energy. This temperature is excessive
for a manned vehicle and does not consider the additional
effect of re-entry heating. During re-entry, heat rejection
by radiation would result in internal temperatures far
beyond the tolerable limits of both men and equipment.
Heat rejection by external cooling means might be considered. Evaporation of water for cooling would increase the
total liquid consumption of a power system by approximately
2.5#/HpHr. Equipment cooling by evaporation of liquid hydrogen which is then heated to 300°F before passing overboard
would increase the total liquid consumption by 1..0^#/HpHr.
The final alternative lies in the use of an integrated
power supply and cooling system. This concept which was
first proposed by engineers from Vickers Aerc Hydraulics
Division (see for example Refs. 2, 3> and 7) requires the use
of cryogenic propellants. The generated power is converted
into heat in the hydraulic and electrical equipment. This
heat is then returned to the liquid hydrogen flowing from the
storage tank. A detailed discussion of the characteristics
of two integrated power generation and cooling systems is
presented in part IV of this paper.
The prime mover of any power system extracts a portion
of the energy available from the gas stream supplied to it.
The presence of this energy in the gas stream is a necessary
consequence of either the release of energy stored in the
form of chemical energy in the propellant tank, or the acquisition of energy by heat transfer from an external heat
source. In a class "A" application, there is as much energy
available as waste heat as the power plant generates. It
should therefore be possible to devise an integrated power
generation and cooling cycle using an ideal prime mover in
conjunction with an infinite pressure ra^io, to yield a net
specific propellant consumption of zero! The conventional
cryogenic system described in part IV has an ideal specific
propellant. consumption of 1.0#/HpHre The Crynocycle, which
is also described in part Iv, has a theoretical performance
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of l±2!i #/RpHr where n is the number of stages. For the four
stage cycle analyzed, the ideal performance is 0.26#/EpHr#
Thus the heat rejection requirement in class "A" systems
plays an important part in system evaluation. The monopropellant power plant described in part III of this paper does
not incorporate self cooling features. It must therefore be
charged with a penalty in specific propellant consumption,
when used in class "A" applications, to account for the
cooling liquid. The cryogenic systems on the other hand
depend on the return of this heat to the hydrogen in order
to achieve their improved specific propellant consumption·
m»

A Monopropellant Power System

The earliest monopropellant used for power system
application was hydrogen peroxide. The German Mel63B
Rocket plane, of which a few models were flown toward the
end of World War II, utilized 70$ hydrogen peroxide in a
velocity staged axial flow turbine for auxiliary power generation. More recently ethelyne oxide monopropellant has been
used in a variety of missile power systems including the
AiResearch APU for the Nike Hercules, the Sundstrand Model
^11 for the Atlas vehicle and an APU developed "by Walter
Kidde for the Navaho vehicle.
Hydrazine monopropellant which has become popular during
the last five years has distinct performance superiority over
other monopropellants. It has been used in several power
supplies., the most recent of which are the Sundstrand Model
871 and 871A series of Flight Vehicle Power Units. Thermal
decomposition of hydrazine monopropellant results in a
gaseous mixture of ammonia, nitrogen and hydrogen with a
flame temperature of 2050°F and a molecular weight of 16#
This corresponds to 25$ dissociation of the ammonia into
nitrogen and hydrogen. At a pressure ratio of 1500:1,
hydrazine has an ideal specific propellant consumption of
2#0#/HpHr. At the same pressure ratio, ethylene oxide can
only provide an ideal specific -oroOellant consumption of
3.0 #/KpHr.
Monopropellant power systems have two principal advantages over the cryogenic power systems discussed in part IV
of this paper. They are:
1.
2#

Indefinite shelf life of the loaded propellant tank.
This is of particular importance in emergency system
applications.
Immediate availability. The power system described
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"briefly "below requires only zero G- testing to
qualify it for flight applications.
The Sundstrand Model 8?1A power supply is the final
model in a series of Flight Vehicle Power Units developed for
the Air Force under contract AF33(600)-39797· Tnese units
are described in some detail by Wayman and Mills in Ref. 8 #
Specifications for the system are shown in Fig. 1. The
power system shown in Fig. 2 has completed 75 hours of preflight rating tests demonstrating a specific horsepower in
excess of 100C Hp sec/#.(This corresponds to a specific
propellant consumption of 3.6#/EpHr)# A continuous endurance
run of ^7 hours has been completed on the Model 871 which is
identical to the 871A except for the turbine wheel and
housing»
The Model 871A incorporates a number of significant
advances in the state of the turbine art. In particular the
turbine and high speed bearing assembly represent outstanding
engineering accomplishments. The aerodynamic design of the
turbine, which was reported by Linhardt and Silvern (Ref. 9)t
was a direct outgrowth of turbine research supported by the
Power Branch of the Office of Naval Research, see for example
Ref. 10* The turbine incorporates two pressure stages on one
disc, the principal problem being interstage leakage.
A detailed analysis of the leakage flow lead to the
conclusion that if axial clearances could be maintained at
less than 0.006 inches, the desired performance could be
achieved. While this would not be difficult to accomplish in
an isothermal machine, temperatures in the 871A turbine housing vary from 1600°F at the first stage nozzle to 800°F over
an angular arc of only 45°. An extremely careful distortion
analysis by Mr. Don Arnold, formerly of the Sundstrand stafJ^
resulted in the successful development of a housing which
maintains the final clearances required without developing
interference during the 30 minutes it takes the machine to
come to thermal equilibrium.
The mechanical design of the turbine disc is also a
remarkable achievment. The disc runs at a tip speed of 1950
ft/sec with a gas inlet temperature of 2050°FJ That this is
possible is a direct result of the disc profile selected and
the two stage single disc design.
The total temperature
flows through the turbine.
pect to the blades is less
"by an amount which depends

of the gas stream falls as the gas
The total temperature with resthan the inlet total temperature
on the square of the tip speed.
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The total temperature of the gas at the first stage exhaust
is again reduced in relation to the square of the tip speed.
Addition of a second pressure stage on the same disc further
reduces the gas temperature at the second stage exhaust«
In Fig. 3 the temperature of the disc is plotted as a
function of tip speed for a single stage machine and a two
stage machine. Superimposed on this figure are the allowable
tip speeds of several high temperature alloys for the disc
profile'of the 871A. It is seen that the low average temperature of the two stage disc together with the high strength
of Udimet 500 at temperatures of 100C°? permits the achievment of bucket velocities of 1950 ft/sec and higher. It
should be noted that the allowable bucket velocities for
various materials was determined by a very careful plasticelastic stress analysis which included thermal and mechanical
stress considerations. This analysis was also the work of
Mr. Arnold.
The high speed bearing assembly of the 871A incorporates
two Industrial Tectonics angular contact bearings separated
by a 90 pound preload spring. The bearings use tool steel
balls with special retainer rings. Less of preload is
prevented by sleeves which provide expansion equal to that of
the turbine shaft during thermal transients. The bearings are
jet lubed with a special
high temperature oil developed by
Bray Oil Co.t Expected bearing life is in excess of 1000
hours« G.M# Christner was reponsible for bearing development.
A bi-propellant ignition system automatically injects a
metered quantity of nitrogen tetroxide into the decomposition
chamber at the beginning of an ignition sequence. This
automatic starting sub-system recharges itself with fuel
after each start so that the system posseses inherit in-flight
restart capability.
As far as the author knows there is no other comparable
chemical power system with proven endurance and performance
comparable to the Model 871A available for immediate flight
application.
IV.. Cryogenic Power Systems
Although their development is probably two to three
years in the future, the majority of future chemical space
power systems will undoubtedly use cryogenic propellants.
Performance obtainable with liquid hydrogen and liquid oxygen
in an integrated power generation and cooling system is at
least three times better than the performance achievable with
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hydrazine monopropellant. There is of course a propellent
tankage penalty resulting from the very low density of liquid
hydrogen. Minimum volume storage of hydrogen corresponds to
a density of about 4#/ft3 while hydrazine storage density is
approximately 62#/ft3. Thus even with its performance advantage, the cryogenic system can require up to five times the
storage volume. This factor isf however, far outweighed "by
the considerable weight savings combined with the inherent
cooling capacity of the cryogenic system. The significance
of the tankage problem is of course quite different if the
power system draws propellant from a tank which also supplies
propellant to a main propulsion enginet
An integrated cryogenic power system for class "A"
application can absorb all of the power generated by the
system at a specific propellant consumption of about l#/HpHr.
A hydrazine system on the other hand, using water for cooling,
requires an additional 2.5#/HpHr of water together with
3.6#/ïïpHr of hydrazine. With this additional penalty the
volume advantage of a hydrazine system becomes only a factor
of 2.5:1. This represents only a 35$ reduction in the radius
of a spherical storage tank.
The concept of integrated power generation and cooling
was first advanced by Vickers Aero Hydraulics Div. in 1959·
Howard, Laughlin, and Morgan outlined the basic concept in
Ref. 3# Fig. 4 shows the concept of the power plant* Hlavka,
(Ref. 11) also presented the integrated power generation and
cooling concept in some detail and considered a number of
variations in the cycle.
A significant feature of the cryogenic power systems
discussed here is the low inlet temperature to the prime
mover. This will vary from 300°Ff depending on the cycle
chosen, to 1000°P. Systems using inlet temperatures of 2000°F
with specific propellant consumption of 1.0#/HpHr at high
poxver levels were analyzed by the author in the preparation of
a paper (Ref. 1). This is the type of cryogenic system one
chooses for class "B" operation. When there is no significant
waste heat recovery into the propellant, system optimisation
requires the prime mover be run with the highest possible
inlet temperature* In such a system a mixture ratio of
1.4:1.0 oxygen to hydrogen would be required. This type of
system is unsuitable for class "A" operation since the hydrogen flowing would be only 0.4#/HpHr which is not sufficient
to recover the power generated in the form of waste heat.
A.

The Vickers

Cryogenic System

A 4o horsepower cryogenic power system using a three-

575

SPACE POWER SYSTEMS
cylinder radial expansion engine is under development at
Vickers1 Aero Division in Torrance, California. The cycle is
shown schematically in Pig. 5· In order to understand the
thermodynamics of this "conventional" cryogenic cycle, we
will examine the heat content of the hydrogen stream.
Consider an integrated hydrogen-oxygen system in
which the cooling is done entirely Ky the hydrogen. We will
assume that the maximum allowable hydrogen temperature in the
equipment cooling heat exchanger is 300CF. If the hydrogen
enters the heat exchanger as a liquid at ~420°F, this will
permit the rejection of 2^40 Btu per pound of hydrogen. Based
on 25^+5 Btu/HpHr as the thermal equivalent of work, we find
that the hydrogen flow rate must "be at least 1.θ4 #/ HpHr.
This provides sufficient heat capacity in the hydrogen to
absorb the rejected heat.
A perfect prime mover could in principle again
extract this thermal energy from the hydrogen by expanding
the gas down to absolute zero back pressure. For a finite
pressure ratio, energy must be added to the hydrogen stream
in order for the prime mover to deliver as much work as the
hydrogen has absorbed.
For example, at a pressure ratio of 50:1 with a
prime mover efficiency of 80 percent it is necessary to add
I670 3tu/Hp to the stream in order to deliver 2545 Btu/Hp to
the turbine shaft. This requires the addition of 0.31 # /HpHr of oxygen to the l.o4 t /HpHr of hydrogen which is already
flowing. The total energy content of this gas is 4215 Btu per
1·35 pounds at an infinite pressure ratio Only 75 percent of
this energy is available through a pressure ratio of 50:1 and
the prime mover is in turn able to extract only 80 percent of
the available energy. The combustion temperature corresponding to this mixture ratio is 820°F, if we assume that the
hydrogen is heated to 300°F in the equipment cooling heat
exchanger before entering the burner.
In the schematic diagram of this integrated power
and cooling system (Fig. 5)> the fuel is assumed to be stored
as a low pressure liquid at approximately -420°F. For zero-Goperation, a pressurized diaphragm is used in the fuel tank as
a positive means of providing liquid feed to the fuel pump
inlet. The pressure behind this diaphragm is obtained by
bleeding off some hydrogen from the high pressure side of the
fuel pump. The fuel pump discharges hydrogen at 750 psi which
is above its critical pressure so that it behaves as a high
pressure gas from there on.
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The hydrogen passes first to a heat exchanger
where it picks up the heat from the electronic equipment· A
closed nitrogen circuit is provided to carry the heat from
the electronic compartment to the above mentioned heat exchanger. Prom the nitrogen-hydrogen heat exchanger, the
hydrogen flows through two other heat exchangers where it
picks up heat from the alternator coolant and from the hydraulic system., The warm hydrogen, heated to 300°Pfthen
enters the combustor where it is "burned with oxygen to a
temperature of 820°F "before flowing to the three-cylinder
radial engine.
The hydrogen fuel pump is a positive displacement
type driven "by a positive displacement hydraulic motor. This
combination gives a fuel pressure which is proportional to
the hydraulic pressure* No other means of controlling hydrogen pressure is necessary.
The oxygen pumping system differs from the hydrogen
pumping system in that a hydraulic servo valve is introduced
to control the speed of its hydraulic motor and thus regulate
the flow of oxygen. A temperature sensing loop not shoi-m in
the schematic controls the hydraulic servo valve.
The gas is expanded through the engine from which
it exhausts at a temperature of approximately 50°F. This
exhaust gas could be used for further cooling of other poiv
tions of the vehicle external to the power generation system.
The exhaust is capable of absorbing approximately 650 Btu/lb
up to 300°F. This corresponds to an excess cooling capacity
of 35 percent of the generated power.
It is important to note that this cool engine
exhaust gas cannot be used for cooling equipment whose power
is derived from the engine. Heat absorbed by this exhaust
gas would not be available to heat the hydrogen before it
goes to the prime mover and would therefore have to be added
to the gas stream by the combustion of additional oxygen.
This woulc^ in turn, increase the system specific fuel consumption. The theoretical performance of the cryogenic cycle
described above with a hydrogen temperature into the burner of
300°F is shown in Fig# 6. The specific propellant consumption
achievable is given here as a function of pressure ratio, with
prime mover efficiency as a parameter. By crossplotting this
data and comparing it with optimistic estimates of engine
efficiency a limiting achievable performance of about 1.30#/
HpHr may be determined.
A cutaway of the Vicker's engine is shown in Pig. 7.
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The engine employs co-axial poppet valves to control the gas
intake. A cam phasing mechanism controls the intake cut-off.
This variable intake feature is an important mechanical
innovation of this engine which permits reduced power operation with high efficiency. The engine employs anti-friction
hearings with oil mist lubrication of the cylinder walls. A
one cylinder experimental engine is currently undergoing
cryogenic testing to extablish the feasibility of the engine
concept.. Predicted engine performance as a function of horsepower is shown in Pig. 8. An artists conception of the complete package is shown in Fig. 9·
B

·

The Sundstrand nrvhocycle - A New Cryogenic Power
System Concept

D. H. Silvern2 andÏÏ.B. Zwiclr have invented a new
thermodynamic cycle which is currently being developed by
Sundstrand Aviation-Denver in its Pacoima engineering and
test laboratories. This new concept, which is called the
Cryhocycle, is an integrated power generation and cooling
cycle which has superior performance to the cycles thus far
described. The Cryhocycle incorporates multi-stage expansion
with reheat between expansion stages and exhaust heat regeneration.
A schematic diagram of the cycle is presented in
Pig. 10. Hydrogen flows from the storage tank through a heat
exchanger where it is warmed to essentially room temperature
and thence to a catalytic burner. The temperature rise in
the catalytic burner is low, being nominally on the order of
50-l00°P. The heated hydrogen then flows through an equipment cooling heat exchanger where it is heated to the turbine
inlet temperature. The hydrogen is then expanded through the
turbine first stage. From the first stage exhaust it then
is ducted back to the heat exchanger and then through the
second stage of the turbinet back to the heat exchanger and
thence to the third stage of the turbine. The gas is again
ducted back to the heat exchanger and, finally, flows through
the last turbine stage. Under steady state operating conditions the exhaust from the final stage will be at the same
temperature as the gas leaving the catalytic burner. This gas
is then passed, through the regenerator heat exchanger which
was used to do the initial heating of the hydrogen flowing ,
from the tank. It is the effectiveness of this heat exchanger
which determines the amount of oxygen necessary.
2.
3.

consultant to Sundstrand on Space Power Systems
Formerly Associate Chief Engineer, Sundstrand Turbo
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artists1s concept of the power supply showing
size of the components is shown in Fig. 11. This
all of the Sundstrand Model 871A high speed
driven components except for the turbine wheel

Heat generated by the hydraulic package, electrical,
and electronic packages is returned to the equipment heat
exchanger as indicated in the schematic. It is important that
virtually all of the power generated be returned to the
hydrogen stream in the multi-stage superheater. A typical
heat transfer means indicated in the cycle schematic would be
to utilize the hydraulic oil for cooling the hydraulic components and a circulating gas stream for the cooling of the
electrical components.
Speed control is achieved by throttling the heated
hydrogen ahead of the prime mover. The only controlled temperature in the cycle is the hydrogen temperature at the inlet
to the first stage of the turbine. All other temperatures
will always fall within acceptable limits if the turbine inlet
temperature is set properly. Temperature control at the inlet
to the first expansion stage is achieved by control of the
oxygen flow to the burner. If the oxygen flow is completely
stopped but further reduction of the turbine inlet temperature
is required, this is accomplished by bypassing a portion of
the exhaust gas around the regenerator heat exhanger.
In general, a Cryhocycle of the type described here
may utilize two or more expansion stages. The ideal performance of the cycle increases with the number of stages provided
the system is not pressure ratio limited. If it is assumed
that the temperature of the hydrogen leaving the equipment
cooling heat exchanger is limited to 300°F, then the ideal
performance of the cycle is 1,0^ #/BpHr where n is the number
of expansion stages.
A single expansion stage with infinitempressure
ratio and a perfect prime mover yields the same performance as
the simple integrated cycle described previously.
With a two stage machine the ideal performance is
0.57 lbs/HpEr. The four stage cycle described.here has an
ideal specific propellant consumption of 0.26 # /HpEr at
infinite pressure ratio with an ideal expander.
Performance of this cycle at finite pressure ratios
with prime mover efficiencies of from 50 to 100 percent is
shown in Pig. 12, for a turbine inlet temperatures of 300°F#
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The "best achievable performance of the conventional
cryogenic system (l.3#/HpHr) has "been superimposed on this
plot for comparison· The performance of the cycle with a
higher turbine inlet temperature is improved in proportion
to the change in absolute temperature of the gas. Thus at
600°F inlet temperature, the specific propellant consumption
is reduced to 72 percent of that at 300°F inlet temperature·
The prime mover efficiency required to achieve a
given SFC is plotted as a function of pressure ratio in
Fig· 13. The estimated adia'batic efficiency curve for a fourstage single disc turbine as a function of pressure ratio is
superimposed on the required efficiency lines in Fig. 13· We
see that a specific fuel consumption of 1#2 is achievable with
a pressure ratio of 120:1. At a pressure ratio of 2000:1 a
specific fuel consumption of 0·98 # /HpHr may be achieved·
With increasing pressure ratio, the specific propellant
consumption gradually improves,reaching 0.9 $ /HpHr, in the
limit·
It may thus be seen that the hypercycle lias performance characteristics superior to those of the other cycles
considered and, further, it can achieve excellent S3TC with
existing prime mover technology· The four-stage 120:1
expansion cycle has an inlet temperature to the turbine of
300°F and an exhaust temperature of approximately 152°Γ.
Thus, thermal expansion problems which severely limit multistage turbine efficiency in high temperature cycles are not
significant for this application· The results of a detailed
system design analysis are incorporated in a temperatureentropy diagram of the Cryhocycle is shown in Fig· 14. The
operating points shown here correspond to a hydrogen supply
pressure of 30 psia and a last stage exhaust pressure of 0#25
psia. These pressures were chosen from system weight analysis
considerations· Hydrogen tank weight and complexity are
minimized by use of a low pressure tank without a cryogenic
pump. Hydrogen pressure would be maintained by controlled
boil-off from the tank· The exhaust pressure was chosen to
minimize the weight of the regenerator heat exchanger without
excessive performance sacrifice.
The indicated temperature rise of 76°F in the catalyst* bçi which corresponds to an oxygen to hydrogen ratio of
0·053:1, i** "based on a specific detailed analysis of the exhaust regenerator weight and effectiveness· The pressure
ratio split across the four stage turbine was determined from
an analysis of the specific speed characteristics of each
turbine stage, together with a detailed leakage and nozzle
sizing analysis· Although the fourth stage exit temperature
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must always agree with the "burner exit temperature in the
absence of a heat loss, it is only coincidental that the
second and third stage exhaust temperature also agree with
this value.
The exhaust gas from the regenerator has a temperature of approximately -350°i1. This gas has a thermal capacity "between this temperature and 100°F of approximately l600
Btu/lb. If heated to 300°F, the exhaust gas can pick up
2155 Btu/lbi This is only 280 Btu/rb less than liquid
Hydrogen straight from the tank! The cooling capacity to
300°F represents 85$ of the power generated by the powerplant. Use of this additional cooling capacity for vehicle
cooling air conditioning and absorption of re-entry loads
will undoubtedly be significant*
An interesting thermodynamic comparison of the
cycles discussed in this paper can be made. The work output
plus cooling system forms a closed thermal system which
neither delivers energy to nor extracts energy from the
outside world. The net effect of the power system operation
is to exhaust a stream of gas. A measure of the system
performance is thus the energy wasted in this exhaust stream.
A hydrazine power system throws away gas at better than 500°P
and in addition vaporizes a considerable quantity of water.
The conventional integrated cryogenic system exhausts a
stream of hydrogen which has been heated by combustion to a
temperature of 50°F which is more than ^50°F higher than the
storage temperature of the liquid hydrogen. The Cryhocyclef
on the other hand, exhausts gas at -375 F which is only 55°^.
above the storage temperature. The energy wasted in the
Cryhocycle exhaust is thus far less than in the other cycles.
Structural and aerodynamic design of the Cryhocycle
four stage turbine was accomplished by D. Arnold, H. Linhardt
and H. Roschak of the Sundstrand staff and is reported in
Hef . 12. The low temperature of the system permits turb'ine
tip speeds much higher than one customarily finds in power
system work. Selection of 6 A1-4Y titanium for the turbine
wheel material allowed the use of 2900 ft/sec tip speed with
considerable margin of safety. The turbine is 11 inches in
diameter and turns at 60,000 KPM. The flow is subsonic in all
stages with relative Mach numbers of about 0.86 to 0.90. Percent admission varies from 2.3 percent in the first stage to
64 percent in the last stage. Although the final design calls
for four stages, the effect of stage number and pressure level
on overall performance was considered and is presented in
H g · 15·
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A two stage version of the Cryhocycle is currently
under test by Sundstrand. This machine which is shewn in
Figs. 16 and 17 is a modification of the 871A. Experimental
data confirm the expected performance of the machine. In
particular the stability of the compartment temperature under
step changes in load is remarkable.
V#

Conclusions

In this paper the characteristics of some current and
future chemically fueled space power systems have been presented. The role these systems will play in orbital and
space vehicles for the next five to ten years will be quite
significant. Chemical systems are superior weightwise for
power levels greater than 2-5Kw and durations up to several
hundred hours. These systems are safe, compact, reliable,
and perhaps most important, immediately available. We may
expect therefore that chemical power sytem performance will
dictate the duration of many space missions for the next
five to ten years.
The need for thermal control of space vehicles has two
important consequences for power system performance.
Hydrazine fueled systems which require an evaporative cooling
fluid such as water must pay a performance penalty in order
to consume the power generated after it is converted into
waste heat. Cryogenic systems on the other hand can integrate the power generation and cooling functions. This not
only avoids the performance penalty but actually results in
improved system performance since the heat returned to the
hydrogen reduces the oxygen consumption,
The Sundstrand Model 871A is a hydrazine fueled power
plant with performance better than 3»6#/HpHr which is
immediately available for space power applications.
The Vicker's Cryogenic System and The Sundstrand
are representative of the liquid hydrogen-liquid
oxygen fueled power plants of the future. These systems,
which combine power generation with integrated cooling
capacity, will have performance of 1.35#/HpEr and 0.98#/HpHr
respectively. Development problems of the machines described
herein will not be severe due to their low operating temperatures. They should be available for flight within two to
three years.
Chemical power systems will help us take our first steOs
towards manned space flight. They will be with us for a long
time to come.
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ENG/NE

CUTAWAY

ENGINE DESCRIPTION
Three-cylinder, radial
Variable admission, uniflow
Bore and stroke - 1.25" X 1.25"
Displacement - 4.6 cubic inches
Valve Arrangement:
Poppet type inlet valves
Exhaust ports in cylinder walls
Estimated power output ~ 40 HP at 8Ö00 rpm
Inlet pressure - 750 psia

FIG. 7

CUÜIAWAY 0Γ THE VICK3RS TERSE-CYLINDER RADIAL
ENGINE
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