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INTRODUCTION

There are a number of space power system concepts competing for a range of

general and specific mission requirements, Selection of specific systems for
development and application requires consideration of missions, dates, reliability
requirements, technological status, cost of development, range of applicability
and a host of interrelated questions,

This report is intended to illuminate some of these areas, particularly as they
relate to solar Rankine systems,

The solar Rankine asystem offers unique advantages of simplicity and performance,
This conclusion is strengthened by recent data and analyses, relating both to
the mercury Rankine concept and competing concepts., Items of particular note ares
a) The results of our continuing successful turbo-alternator test,
b) Status of other major components of the Sunflower system,

¢) The growth potential of the Sunflower design, especially as
made possible by alternator developments,

d) GQeneral areas of immediate and potential improvements in
performance and concept details.

CONCLUSIONS s
Stated in broad terms, the conclusion of this report are:

1., There are no remaining areas of uncertainty regarding the feasibility of
solar mercury Rankine systems, This specifically includes mercury
compatibility, hydrogen containment, endurance capability and reliability
achlevability.

2., The performance of the Sunflower system as ourrently defined can be
significantly improved by:s :

Time and dollars
Review of detailed specifications
Increasing output power.
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REVIEW OF DEVELOPMENT PROGRESS - CURRENT OBJECTIVES

Sunflower Turbo-Alternator Development

This section deals with the developmental progress to date on the turvo-alterrator
(designated CSU for Combined Shaft Unit) and covers the following topics:

1. Brief discussion of test results and analysis of the first
Surflower CSU (CSU I-1).

2. C8U redesign based on test results and analyses.
3. A brief resume of CSJ I-3 testing over the first 1000 hours.

L. An overall performance evaluatien of CSU I-3.,

CSU I-1 Teet Results and Aralysis

The CSU I-1 assembly was complsted and the unit placed on test November 22, 1961,
The test was very short in duration (about 1% hours) but also very illuminating
relastive to the first design. On first start the urit accelerated to 25,000 rpm
quite freely, but subsequently appeared to be erratic in both speed and power
suggesting liquid drag on the shaft. This condtiorn prevailed throughout the test.
The speed was ultimately increased to L0,000 rpm, but alarming variations in power
combined with apparent increases in bearing clearances (from flow pressure data)
suggested an impending failure. Therefore, the CSU was shut down to allow examin-
ation of data and hardware. Post test bearirg calibrations verified that bearing
wear had taken place arnd the CSU was therefore removed from the test rig for
disassembly ard inspection.

Inspection revealed extensive wear on the altermator journal and thrust bearings
and light wear on the turbine journal. txamination of the bearing drain lines
showed severe flow restrictiors at several of the butt welds.

Data and performance analysis conclusions were as follows:

Bearing wear resulted from (1) excessive shaft loads and (2) reduced
load capacity of the bearings.

1. Excessive shaft loads were caused by:

a) The presence of liquid Hg around the shaft due to restricted
drain lires plus possibility of cordensation in the alternator
rotor gap.

b) A large magnetic rotating load dek to rotor magnetic imbalance.

c) A pressurized turbine bearirg drain collector (causing excessive
thrust) due to vaporization of lube drain fluid which was
restricted from draining.

2. Heduced load capacity:

a) The alternator journal bearing showed evidence during test
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of either thermal increases in cleararce or lube bypass
between the housirg and bushing prior to the wear
indicatiors. Both situations would have weakemed the
bearing capacity.

b) The thrust bearing wear pattern indicated misalignment which
resulted from an eccentric loading from its retaining device,
thereby reducing its capacity.

CSU Redesign

The CSU redesign was aimed at cortrol of package thermal distributions to maintain
proper bearing clearances and alignments and to prevent condensation in vapor
spaces around the rotor. Redesign was also directed to reduce the magnetic
unbalance by improved quality control, elimination of flow passage restrictions
and better mecharmical support of the bearings.

A thermal stress computer analysis was conducted or the bearings ard supports.

The results were used *to specify the assembly fits and clearances required to

insure proper and safe operating fits and clearances. Thermal analysis of the
alternator was conducted to predict cnolart temperatures required for proper rotor
gap corditions. These analyses and the results of the first test were used to
redesign the next available unit (CSU I-3). =ach step of the radesign was a logical
attack on specific problems evidernced from the first test but within the framework
of the origiral corceot and hardware. A laynut of the original corcept is shown

as Figure 1 . The changes involved are listed below:

1. The turbire irlet was comverted to a 350° collector scroll to afford
better thermal and mecharical s;rmmetry relative to the turbirne bearing
aligrnment,

2. levisions were made in the alternator bearing support housirg to
provide better thermal separation from the altermator housing and
better thermal and mechanical symmetry relative to jourral bearing
alignment., Bearing feed and drair bosses were slit away from flarnges
and a supramica washer inserted between flanges for thermal separation.

3. The thrust bearing retainer axial loadirg was reduced and made
symmetrical by m~rdification of associated static seals.

L. The alternator journal bearing bushing fit was increased slightly to
provide a better lube seal and the cold bearing diametral clearance
was reduced from .0018 ir. to .00105 in. in accordarce with computer
thermal aralysis. The target for operatirg clearance was .00l, -
.0C15 inches.,

5. An evacuated heat shield was placed around the slterrator bearing
support housing to help control bearing clearance and sealing of the
lube supply, a~d to prevert accurmulation of conderczate in the altermator
rotor cavity.
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The thrust bearing lube supply arnulus was placed in the housing
rather than the bearing 0.D. to provide a better lube seal.

Axial thermal tale-up provisioms of the chaft were provided by
ircorporating belleville cprings under the turbine lock rut, and
the thrust spacer material was changed. These modifications were
made to improve shaft integrity and balance.

Juality cortrol on magretic rotor imbalarce resulted in a shaft
imbalance of 2-l lbs. for CSU I-3 compared to 1t.5 lbs. for CEU I-1.

The turbire journal sleeve support lands were eliminated and the
cleeve was placed im full co-tact with the shaft to improve mechanical
support and thermal irfluences on clearance.

The turbire jour~al bushing fit was increased slichtly in the support,
and cold bearirg cleararce was reduced from .0C1E in. to .00135 ir. in
accordance with computer thermal analysis. The target clearance was
L0011 in. tn 0016 in. co that the assembly clearance was a compromise
deperding on whether or not seal vapor ertered the drain cavity.

Turbine seal and heat shiold diametral clearances were reduced along
with bearing cleararces to improve turbine performance and reduce
temperature effects on the turbine bearing.

X-rav quality control was applied to all tubing welds to avoid weld
renetrations irto the flow passages.

The cavity between alternator stator ard housing was sealed at one end

with a belleville washer and at the other with & close cleararce fit

which decreases during operation from thermal expansion. Sealing this

gap provides three functiors: .

a) keeps liquid Hg out of the rotor cavity and vapor Hg
out of the stator gap,

%) affords symmetrical heat trarsfer of alterrator loss heat
to the coolart,

c) affords better circumferential temperature distribution
and comsequently better bearing aligmments,

A second zltermat-r garter spring support was added to eliminate
resorart vibrations which could effect the altermator bearing or
possibly crack the glass bore seal.

The altermator housing and bearing support flarmges were electron beam
welded rather than Heliarc to preclude weld distortions and stresses
and afford better bearing aligrment.

The 1list of changes sounds extemsive, but in reality consists of attertion to
details based on a better knowledge of the unit from results of its first test.
The basic concent is unchanged, no new castings were irvolved and, in fact, nearly
svery charge was applied to semi-firished hardware existing from the previous

desigr.

b
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C3U I-3 Test Results

The CSU I-3 urit was built to the original design corcept, but with the revisions
Just roted. The completed assembly had only two significart print deviations«

1. The jourral bearing bushings were located radially out of position.
This deviation was considered inconsequential.

2. The second stage labyrinth seal clearance was .00l inch large radially,
because dimersions were completed prior to final redesign.

Although turbine nozzle details were completed to print, a cold gas nozzle test
revealed that the first stage nmgzle throat area was 5% small and the third stage
nozzle throat area 17% large. These deviations were accepted for economical

and schedule reasons as well as for verification of the nozzle gas tests prior to
modifying prirt dime~sions. CSU I-3 was irstalled in the test rig and placed on
test May 23, 1962, Before the start the check off went very well except that the
drains were again restricted as indicated by additioral instrumentation which

was installed after the ¢SU I-1 test. It was ther determired that a head control
valve in the test rig drain manifold lire was providing the restriction. In all
probability this was the major reason for having to shut down CSU I-1, The valve
was cut out, the checkoff comoleted ard the unit was started. A graphical summary
of pertinent operational parameters is shown in Figure 2. The start was extremely
smooth. Power and speed during the start were exceptiorally easy to cormtrol and
there were no indicatiors of liquid drag in the unit. The start procedure was
terminated at 20,000 rpm and speed was put o~ automatic control where it is
possible to see even very minute variations ir consumed power from the turbine.
Such variations w-uld show up on the control load current trace on the oscillo-
graoh, but were completely absert as conrtrasted to the CSU I-1 test. Dwell at
20,000 rpm was 24 hours during which time bearing, turbire, and altemator per-
formarce was observed and found to be excellent.

From 20,000 rpm the unit speed was increased in 500C rpm increwerts to 40,000 rpm,
the design speed, within about eight hours. ULurirg this time, the bearinrgs,

pump, turbine and alterrator continued to perform quite predictably and well
within expected ranges of operation. After about ome hour operatior at 40,000 rpm,
the speed was reduced to 35,000 rpm and the first 500 hour run initiated. The
speed was reduced because current aralyses at the time of start had indicated
possible excessive rotor retairing slceve temperature at design speed in terms of
creep strength. However, subsequent analyses have failed to verify the situation
ard, therefore, after 500 hours running the speed was again increased to 40,000 rpm
where it is at the time of this writing 1400 hours from start.

One of the most gratifying aspects of this test is the characteristics of the
bearings. They have not only exhibited extremely steady performance, but also have
verified the thermal stress computer aralysis which now provides greater flexibility
in bearirg application. In the case of the turbinre bearing, the clearance closed
from the assembly value of .00135 ir. to .001ll in. which is desireable since it
suggests that seal vapor is not enmtering the bearing drain cavity. Also, this
bearing is operating very close to optimum clearance for the flow pressure charace
teristics available from the power conversion svstem and at this condition has

shown rock steady performance. The altermator bearing performance, on the other
hand, has been confused with lube heater problems in the test rig where a supple-



THEE TN TEE T I W S e s

mentary heater had to be added in the vicinity of the flowmeter. Note from the
time plot that the alternator bearing clearance settled out at .0015 clearance
(compared to anticipated of .00ll to .0015 in.) after stable operation was started
at 35,000 rpm. It is suspected that this bearing may yet be .0015 in. although
flow pressure relationships irdicate .0017 in. The significart factor, however,
is the very steady performance of this bearing since it stopped its apparent
clearance growth,

The thrust bearing performance is somewhat more difficult to evaluate since its
sressure flow characteristic changes with both clearance and thrust load. However,
its trend is irn the directior expected, and performance has actually progressed
into the predicted range, see Figure 3, and became stable at about 700 hours or
shortlv after the last series of power increases. The thrust bearirg clearance
has been evaluated during the run and appears .0002 inches larger than at assembly
which is also the charge predicted from differertial thermal exparsion.

The CSU pump initially demonstrated performance in excess of its design specift=-
cation, delivering a useful flow of 41 ppm at 510 psia with a suctior head of

5.5 psia. This compares with its design specificatior of 35 ppm, LSO psia and
L.75 psis suctior head. A pump calibration was made during the run and initially
appeared to demonstrate the flat head vs. flow characteristics typical of sub=-
component testing. However, during the calibratkon effort a foreign particle
(perhaps a metal chip) apparertly lodged in the Jet boost nozzle and offset the
calibration to the more familiar sloping performance curve of an unboosted centri-
fugal pump. Since that time, however, the modified pump performance has not
deteriorated or changed over a period in excess of 900 hours at LO,000 rpm or a
total rummirg time in excess of 1LOO hours.

The alternator was magnetized during assembly to produce 110 volts per phase
during test and actually produced 108 to 109 volts at 40,000 rpm. The altermator
has short circuit and spike current change protection in the form of series capaci=
tors in the output line. Short circuits or spike changes can demagretize an
urprotected rotor causing loss of pawer and even overspeed damage. The capacitors
have already demorstrated their function on several occasiors. In ome instance,

a wattmoter coil shorted, placing a short on the CSU altermator, but only demag-
netized the unit about 5 volts. Because the protection was there it was possible
to wire in a second wattmeter arnd cut out the first one with a loss of only an
additional 1 volt - a procedure which would result in disaster with an unprotected
alternator. In 2 third instarce during a manual electrical check, a short was
inadvertently placed on the altermator with a subsequent loss of about .5 volts
indicating virtual short circuit stability at about 102 vnlts for a total loss of
about 6-7 volts. Relative power during all of these situations remained unchanged
since current increases compersated the voltage losses.

It should rot be overlooked that the first breadboard speed cortrol has been

emploved to conmtrol the load of the CSU a~d this componert has also performed
without deterioration for the duration of the test.

CSU I~3-1 Performance Evaluation
A performance evaluatior of CSU I-3 is shown on Figure L. Note the design operat=

irg conditions., A statistical average of reduced data at design inlet and
exhaust corditions and speed shows & measured power of 2925 watts being delivered.

6



from the altermator. This is less than the design value of 3500 watts, but is
accounted for as follows:

The altermator power at constart speed may be defined by the followirg equation:
Pa
(

- W - Yoo
h(Hl H2) (t Pc

d
Where P, = alterrator output power
W = Hdg vapor weight flow
Hl - Hy = isentropic enthalpy drop
)Zt « turbire efficiercy

Pc = bearing, pump ard seal power

Ve

The effect of a 5% undersized first stage rozzle (noted earlier) is to reduce vapor
flow to the turbine at design nozzle pressure, or W = 13.0 ppm, instead of design
of 13.7 ppm. The measured output power may be corsidered proportional to flow
since ﬁa and P, will stay cormstant and ¢ may be assumed co-stant for the small
flow change. %herefore, correcting for.the first stage influence

= alternator efficie-cy = .87

™ b 13°7 -
Pa 2625 x 5o 3082 watts

Furthermore, the effect of 17% excess mozzle throat area inm the third stage results
in a turbire efficiency loss equivalert 4o 200 watts shaft power at 13.7 p.m. At
E7% sltermator efficiercy this amounts tc 200 x .87 = 17. watts altermator output,
Adding the third stage correction!

P, = 3082 + 174 = 3256 watts.

The remairing differerce of (3500 - 3256) = 2Lk watts is assignable to any one or
mare of the followirg listed items and remains to be determined from further testing
and aralysis.

a) Turbine output power
b) Bearing power

c) Seal power

d) Pump power

e) Altermator efficiency
f) Instrumentation errors.
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SUNFLOWER TURBOALTERNATOR

PERFORMANCE
_OPERATING CONDITIONS
PARAMETCR DESI6N POINT TEST 0ATA
SPELD (RPM) 40000 |40000

TURE. INLET PRESSURE (Psid) 240 240
TURE. INLET TEMPERATURE( F ) 125 0| 1250
TURB EXH. FRESSURE  (PSIA) 7.0 7.0
TURBINE FLOW RATE  (7rm) 13,7 /3.0
ALTERNATOR OUTPUT (WATIS) 3500 292%

FLOW CORRECTION (15T STAGE Nozz(E)

2925« 437 = 3082 WATS
TURBINE SHAFT POWER LORRELTION
(3" sta6t MozZLe)
200x .87 = /174
ESTIMATED LORRECTION PoweR 325¢

UNALCOUNTABLE  (3500-3256) = 244 WATTS

TURBINE SHAFT POWER
BEARING PoweR

SouRcEs oF
% ffp %‘ﬁé UNACCOUNTABLE
ALTERNATOR [FF/&‘/!MYJ POWER 244 Warrs
INSTRUMENT ERRORS

FLCURE




SNAP 1 and SPUD Results

The SNAP 1 and SPUD programs have provided substantial experimental evidence
of the applicability of the mercury Rankine cycle to the solar space power
system requirement. Major highlights of accomplishments under these programs
include the following: 1) component concepts were established, 2) component
and system performance capabilities were demonstrated, 3) an endurance run
of 2500 hours was successfully completed, and L) a complete hermetically
sealed and automatically controlled mercury Rankine system was arranged for
ballistic flignt and was launched in an Atlas scientific passenger pod.

In addition to these results, zero gravity tests under the CFFBACE program
have provided preliminary indications of the capability of the mercury Rankine
system for stable heat transfer and hydronamics during operation in space.

The purpose of the present discussion is to present a summary of these results
and to show rLow they support the SUNFLOWER program. A further purpose is also
to show how the the turboalternator unit, developed under the SNAP 1 and SFUD

programs, can be profitably applied for application to the low power range of

solar space power systems.

The SNAP 1 program, and related activities, have been under way at TRW since
early in 1956. This program originally established several major facts which
provide the basis of mercury Rankine power system technology. These are as
follows:

1) Mercury can be successfully used as a bearing lubricant - eliminating
system contamination, due to the presence of other lubricants, and
also eliminating rubbing seals.

2) Sufficiently high efficiencies can be obtained on small impulse tur-
bines to make the performance of the Rankine system attractive - the
SNAP 1 turbine achieved an efficiency of L6% at its design point, and
an efficiency of L8% at its optimum speed.

3) The mercury boiler feed pumps can operate at nigh efficiency at the
small flow required and, in combination with a jet inducer, can
operate at the low net positive suction head.required.

i) The alternator can achieve the required efficlency and can operate
in a mercury vapor environment.

S) The boiler and condenser can achieve the required heat transfer
coefficients and can be designed to provide stable flow under
normal gravity or zero gravity conditions.

6) The turboalternators may be stably and accurately controlled -
by use of a frequency sensing device operating in conjunction
with a parasitic load and a variable boiler flow regulator.

7) Materials can be found which are not subject to serious mercury
corrosion and mass transfer.




In addition to these factors, the SNAP 1 system was shown to be capable of
producing an overall thermal to electrical conversion efficiency of 10¢ at

only a 500 watt power level. The turboalternator unit, as designed under the
SNAP 1 program and as further developed under the Air Force SPUD program is
shown in Figure 5. It will be noted that this unit employs the mercury lubri-
cated hydrosphere bearings. These bearings have shown themselves to be capable
of very accurate shaft positioning and stable high speed operation. They have
also shown good load-carrying capability, and low power consumption since an
extra thrust bearing is not required.

2500 Hour Test

A further demonstration provided, by combined support of the AEC SNAP 1 and

the Air Force SPUD programs, was the capability of the mercury Rankine system
for long endurance operation. The SPUD turboalternator unit, previously shown,
was operated for a period of 2509 hours, with the test being discontinued by

a planned shutdown initiated at the request of the Air Force. The power con-
version system which was used in this test, included a space type boiler,
operated at temperatures of over 1500°F and delivering superheated vapor to

the turbine at the design temperature of 1300°F. The sy#tem also included a
mltiple tube condenser and subcooler, a boiler flow regulator, and other
auxiliaries required for a space power conversion system. During the entire
operating period, the alternator delivered its rated power, of approximately

300 watts, to a load bank. This test was continuous, on a 2Ly hour per day
basis, except for two brief shutdowns that occurred, due to test rig operating
problems and not due to any failure of the power conversion sgystem. This test
was accomplished as a limited funding, endurance feasibility, demonstration

and was therefore, conducted with available hardware, which had been previously
extensively operated in perfarmance and preliminary endurance testing. The
system was constructed of readily available materials (primarily 316 series

and precipitation hardening stainless steel) and, therefore, did not incorporate
the advanced material compatibility research results, which are later described.
Even with these limitations, however, the endurance demonstration was readily
and successfully accomplished so that a substantial amount of funding, allocated
by the Air Force for the test, was still available to begin work on a ballistie
zero gravity test which is later described.

A summary of system and component performance and inspection results obtained
from this endurance test will now be given.

Turbine

Turbine performance was excellent throughout the test with no efficiency deter-
joration being ncted. Upon disassembly, the turbine was found to be in good
condition with only microscopic erosion detectable on the third stage rotar
blades and a deposit of approximately .00l inch in the first stage nozzle throat.

Alternator

No notable change occurred in the mechanical integrity or electrical performance
of the alternator. This result was obtained in spite of the fact that the
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alternator bore seal was somewhat defective at the beginning of the test,
allowing air to leak into the system. The alternator showed applicability

of the basic principles and materials for operation in mercury vapor for over
one year. Improved bore seals, subsequently developed, have superior compati-
bility and also eliminate air leakage.

Bearings

The bearing condition was as good at the end of the test as it had been at the
beginning, with neit:er appreciable wear or contamination being indicated. A
very slight deposit evidently occurred during the first 1000 hours, but during
the last 1500 hours no appreciable change occurred in bearing pressures or flow
rates. The bearing operation was stable and dependable throughout the entire
test.

Pump

A declining pump outlet pressure was noted early in the test. During the last
1000 hours of operation, however, the pump ocutlet pressure only decreased from
250 to approximately 230 psia. The pump was slightly eroded at the end of the
test and a contamination deposit was evident, which was evidently responsible
for the output pressure decline. This reduction in pump performance was con-
cluded, however, to be due to excessive air entrainment in the mercury, result-
ing from leakage through the alternator bore seal.

Boiler

The boiler coils were found to be in very good condition at the end of the

test with only slight distortion due to the fact that the superliester section
had been operated during the test at a temperature of almost 1600°F. The
maximum boiler corrosion noted was localized pitting at the boiling interface
to a depth of .N02 to .006 inches. This pitting at the interface was attrib-
uted to agitation of the liquid interface and would suggest the importance of
constructing the boiler preheater section of a material which is more resistant
to corrosion and erosion than 316 stainless. It is also ®hought that the major-
ity of this pittins occurred during the early 1life of the boiler, particularly
during the L8 hour mercury preconditioning exposure to which the system was
subjected.

Condenser Sutcooler

The condenser and subcooler were suprisingly free from corrosion and contami-
nation. These surfaces were as shiny and clean at the end of the test as they
were at the start. Maximum corrosion depth detected was .00l inches.

Filters, Ejector Pump and Boiler Flow Regulator

Performance of all of these components was good. No sucstantial erosion or
deposits were noted. The only performance deficiencies noted were as follow:

1) The filters experienced high pressure drop which is thought to be a
wetting phenomenon.

1L




T N Tl s T T T . ] . ) | _—
‘ .

2) The ejector pump performance was somewhat erratic, due to excessive
air entrainment.

System Corrosion and Mass Transfer

The only appreciable corrosion noted was the .006 inches pitting at the boiler
liquid interface. Only several grams of contaminant were removed from the system,
primarily from the subcooler and from the pump impellor.

In general, this endurance test showed that the mercury Rankine system is capable
of long endurance operation, even if it is constructed from readily available
materials. The operating life, of nearly four months, demonstrated, was sub-
stantially in excess of 60 day life originally specified for SNAP 1 and, in fact,
indicated that a one year operating period should be readily attainable, with a
hermetically sealed system.

Ballistic Program

Following successful completion of this endurance run, the Air Force sponsored
the SPUD Ballistic program. This program was intended to show applicability
of Rankine power system technology to use in space by designing, fabricating,
and testing a complete hermetically sealed, automatically controlled, power
system for launching in a pod attached to the Atlas missile. A further major
purpose of this experiment was to obtain data on operation of this system for
20 to 30 minutes in zero gravity, during the ballistic free fall period of
the Atlas flight.

Before describing this experiment and its results, however, it is worthwrile
to mention the more limited zero gravity results which were obtained under the
OFFBACE program sponsored by the AEC and conducted by TRW. The OFFBACE experi-
ments were conducted in the Air Force C 131B and the KC 135 zero gravity flight
laboratories. They included tests on condenser operation with a non=circulating
loop and with a complete loop. The complete loop included a space type mercury
boiler, an orifice simulating a turbine nozzle, a multiple tube condenser, and
a motor driven, jet primed, centrifugal pump. These tests showed that the heat
transfer and fluid dynamics of the Rankine cycle are not substantially effected
during operation for periods up to 31 seconds, in zero gravity. The boiler,
condenser, and pump for these OFFBACE experiments were all essentially the

same as the components which had been designed for use in the SNAP 1 and SPUD
systems.

The SPUD power system was, therefore, redesigned for installation in an Atlas
scientific passenger pod, as shown in Figure 6. In this system, the SPUD
turboalternator was designed to circulate mercury through the space type boiler,
with the mercury vapor then driving the turbine and discharging into a tapered,
multiple tube, condenser radiator, which was incorporated into the surface of
the pod. This system was nermetically sealed and was automatically controlled
by a frequency sensing, parasitic load, contgel which worked in conjunction

with an adjustable flow boiler flow regulator. The thermal energy for operation
of the boiler during a 30 mimte flight period was supplied by a storage battery.
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Extensive pressure, temperature, flow rate, speed and power instrumentation
was provided with the output from the transducers transmitted via a 6 channel,
commutated, telemetry set.

During the development and test program, which preceeded the launch of this
system, numerous important features were shown concerning the operational
feasibility of the mercury Rankine system. These results are partially
summarized as follows:

1) Stable, dependable operation was achieved on the complete power system
at rated output.

2) Excellent performance was achieved on the centrifugal pump. Full rated
output pressure was achieved at pump inlet pressures of only 1 psia,
and no output pressure deterioration was noted in over 80 hours of
accumulated operating time. This result confirms that the pump con-
tamination and erosion noted during the endurance test was, indeed,
primarily due to air entrainment and will not occur with a nermetically
sealed system.

3) Reliable and dependable multiple start and stop operation of the system
was demonstrated.

4) Operating capability of the combined rotating unit at vibration levels
of 5 g's were demonstrated and the structural integrity of the complete
system was demonstrated at vibration levels of 3.5 g's.

5) The automatic control system showed capability of maintaining a con-
stant frequency within £ 2 cps at the rated frequency of 2000 cps.
The adjustable boiler flow regulator was shown to be capable of con-
trolling turboalternator power output over a broad range.

6) The power system was shown to be capable of meeting Mil Spec radio
noise limits.

This power system was delivered to Cape Canaveral on schedule and successfully
passed its preflight qualification test with less difficulty than was exper-
ienced by numerous "standard" components such as programmers, telemetry sets,
and relays. The system was, therefore, installed on the Atlas 6F missile and
was successfully started and launched on December 20, 1961, as shown in

Floure 7.

The startup and stabilization sequence of the power system was accomplished
with no delay, whatsoever, in the Atlas countdown sequence. The system was
in a "Go" condition at launch with- the only deficiency noted being a high
pressure drop across a bearing inlet filter. This high pressure drop (thought
to be attributable to a wetting phenomenon) resulted in a very low supply
pressure to the hydrosphere bearings.

During the early launch period, the telemetered data indicated that the power
system maintained constant frequency within less than 1% of the rated frequency
and all other components operated exactly as anticipated. This smooth operation




was maintained in spite of a vibration, measured at over 10 g's, which began

30 seconds after liftoff and persisted until nearly 2 minutes after liftoff,

at which time the Atlas attitude control system failed due to malfunction of

a hydraulic system. Turing this period, the Atlas experienced violent attitude
oscillations and it went completely out of control at the time of staging.
During this period, the turboalternator appears to have undergone a severe
speed oscillation. At about 4 minutes after liftoff, when the last readable
telemetry signal was received, however, it appears to have been still rotating.

In spite of the fact that no zero gravity data was obtained, this test resulted
in a very impressive demonstration of the operational capabilities of the
mercury Rankine system during ground operation and during an extremely severe
launch environment. The only system performance deficiency noted was the high
filter presgsure drop which developed. It should be noted that this deficiency
can be readily corrected by utilizing a different type of filter which has been
tested under the SNAP 2 and SUNFLOWER programs.

In conclusion, it may be stated that the SNAP 1 and SPUD programs have provided
a substantially conelusive demonstration of the performance, endurance, and
environmental capabilities of the mercury Rankine power systems. An additional
ballistie flight of the SPUD unit is now being negotiated which will provide a
second opportunity for obtaining long duration zero gravity operating data.

The OFFBACE experiments have already shown capability for zero gravity operation
for limited duration. In addition to providing this general guidance, the SPUD
power system provides an excellent potential for an operational solar power
system in the low power range. Over $7,000,000 have been expended in the devel-
opment of this equipment and, due to its high efficiency, this conversion unit
has excellent performance in the 1500 watt to 3 kilowatt power range. The 3
kilowatt power output capability can readily be provided by substituting an
advanced TRW brushless alternator for the permanent magnet alternator as shown
in Fizure 8. The 3 kilowatt alternator can be installed with the same bearing
span as present SPUD units and provides a stiffer, lighter weight, rotor assembly.
Ferformance of both a 1500 watt and a 3 kilowatt conversion unit in a SUNFLOWER
type, solar space power system, is cdiscussed later in this report.
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Mercury Compsatibillity

Materials Test Data

The mercury corrosion effort at Thompson Ramo Wooldridge is supported by SNAP 2,
This program is being conducted for Atomics International who holds the prime AEC
contract, :

Mercury corrosion is a consequence of the fact that most metals have at least a
slight solubility in mercury. The solubility inoreases exponentially with tempere
ature, Thermal gradient mass transfer occurs in any power conversion system sinoce
temperature gradients exist. In other words, dissolution takes place in the higher
temperature sections and fouling usually results in lower temperature regions,
Fouling is caused by precipitation or deposition of mass transported corrosion
products which may occur in orifices, nozzles and otheprjcritical areas, Erosion
may also result from corrosion product transfer. Thus two undesirable effects are
taking place: (1) wall penetration and (2) mass tranaport of corrosion products,
The latter is thought to be most detrimental to system life.

Some of the essentials studied were: material resistance to corrosicn, time~temper-
ature parameters, and corrosion product removal, Comparison of corrosion results
obtained were made with other investigations and found to be favorable,

The testing methods employed include the bent reflux tube (BRT), Figure 9. The
tube is fabricated from Pyrex or Vycor (for testing over 1000'73 shaped as an
inverted "L" with a dam at the bend. A sample abraided through 2/0 metallographic
paper is placed in the condenser., The tube, samples and mercury are evacuated to
less than lmm of Hg and sealed, The tube is then placed partially into a holder

in a furnace which is heated only at the bottom., Consequently, a thermal gradient
exists which results in distillation of mercury from the boiler and condensation in
the condenser., The specimen which is immersed in a pool of liquid is thus exposed
to fresh mercury sontinuocusly since the pool of mercury fills and empties periodi-
cally, returning some of the mercury and corrosion products back into the boiler,
Flow rate is about 1/2 1b, of Hg per hour, Advantages are that both weight loss
and penetration information may be obtained, additives, time-temperature effects,
stress and bimetallic effects may be studied, Disadvantages are that mass tranafer
and temperature gradient effects are not amenadble to study, Therefore, in order

to study effects of mass transfer and thermal gradients the loop tests, Figure 10,
are used, They are also used to corroborate screening test results, These results
are important because the test loop system more closely approaches the character=
istics of the power conversion system, Loop tests have generally corroborated

BRT material classifications, Loops are fabricated from 1/2" 0.D. tubing 76 in,
high x 14=1/2" wide, Flow rate is on the order of 10 1b, of Hg per hour, Cirou=
lation is of the natural two-phase type.

Bent reflux tube results are evaluated on the basis of equivalent penetration
derived from weight loss data, This gives an indication of the amount of potential
corrosion products generated by the material, Measured penetrations also influence
classifications if these are excessive,

Loop tests are evaluated on the basis of penetration and amount of corrosion
products generated,

Over 100 materials have been screened at 900°F and classified as to corrosion
resistance, Q(eneral material behavior based on ocamposition is shown in Figure 11.
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Each group corresponds to our classification system -~ I through V. Equivalent
penetrations for each group ares

Class: I IX 11X IV ¥
Mils/year: 0.1 0.1 to0 2.5 2.5t 25 25 to 50 50

All materials which develop a corrosion layer show diffusion or parabolic
controlled weight losses and penetrations., For example, the diffusion controlled
weight loss for Haynes 25 at 900°F is shown in Figure 12, The dissolution rate is
also plotted and may be seen to be a maximum initiallys- This rate drops off with
time to a rate which is almost constant after about 90 days. The same behavior
may be seen for penetration in Figure 13, This protection offered by development
of a corrosion layer suggests that a system may be pre-corroded and refilled with
clean mercury to remove the inchoate corrosion products,

If this corrosion layer is vacuum annealed and exposed to air, an improvement in
corrosion resistance is experienced. For example, a five day pre-corrosion
treatment at 900°F reduced Type 3L7 weight losses by a factor of about 3, The
same beneficial effects were noted for Haynes 25,

Some select materials were tested as a function of time and temperature from 600
to 1200°F for times from 30 to 90 days (some as long as 120 days) in the BRT,
Assuming diffusion controlled corrosion the parabolic rate constants were plotted,
The tentative Arrhenius plots are shown in Figure 1, The lines indicate average
values and the bars - maximum values, The curves show that the 300 series would
generate the most corrosion products at 1100°F - about 4,80 mg/in€ in one year,
Haynes 25 would generate about 33 mg/in2; the 1010 and L10 group about 1° mg;

Cb + 6,88 Ti about 1,2 mg; tungsten about 0.74 mg and columbium about 0.24 mg.
Tantalum would be the most resistant and woula probably not generate any corrosion
products at this temperature,

Incidentally, comparisons of weight loss data from these curves have been made
with the data published in the Liquid Metals Handbook. For example, for the 300
series at 1200°F a value of 26 mg om=2 mo-l was calculated as compared to the
published value of 32 mg cm~2mo™t, For Sicromo 55 values of 0.LS5 mg en~2mo~1 &%
900°F and L.5 mg cm=2mo-l at 1200°F were calculated as compared to the published
values of 0.3 and L mg cm~2mo~l, respectively. For 1010 our values were low by a
factor bf 15.

Data obtained by the groups studying mercury corrosion is usually reported as
penetration, It should be pointed that another important factor closely associated
with the amount of corrosion product is the intensity of the attack as measured

by weight loss., Our work results in data giving both penetration and weight lose
and thus an indication of attack intensity.

A summary of penetratiocns obtained for Haynes 25 from BRT and loop tests and from
other investifations are shown in Figure 15, Loop penetrations are about 3-fold
greater that BRT penetrations in the lower temperature regionsy however, at higher
temperatures the penetrations overlap. The NASA data fits in quite well with
Thompson Ramo Wooldridge penetration data and indicates an average of about 9 mils
of penetration in one year of operation for Haynes 25, Brookhaven loop data
agreed with our BRT results. The Brookhaven loop contained a titanium source in
the subcooler, In the next Figure 16, are shown penetration rates obtained from -
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this and other investigations for a variety of materials, Diffusion controlled
corrosicn was assumed in calculating the rate constants, Agreement, in general,

is not bad considering the different test conditions, Of interest is the pene~
tration observed on Type L10 loops which were in the Haynes 25 loop range., The
amount of leached elements removed from both the Haynes 25 and the Type L10 loops
were about 7 grams each at a boiling temperature of 1000°F for a 5000 hour test
period. GConsidering both the high temperature properties and resistance to attack,
Haynes 25 appears to be the preferred conventional material of construction at
these temperatures especially if corrosion products can be partially removed,

Since it is feared that mass transport and accurulation of corrosion products

might tend to accumulate in critical areas, a Haynes 25 loop containing a corrosion
product separator was tested, The test was conducted for 1000 hours at a boiling
and condensing temperature of 1100°F, A schematic of the separator is shown in
Figure 17, The unit was made of three compartments which contained: (1) columbium
turnings, (2) magnets, and (3) iron wool, The mercury entered the columbium
separator at 730°F, the magnets at 615°F, the iron wool at 560°F and exited at
SLO°F, The location of the separator is shown in Figure 18, The separator removed
85% of the corroded metal leached from the container walls as shown in Figure 19,
The total lsached metal weight was 3,2 grams,

The test demonstrated that it is possible to remove some of the corrosion products
and thus further improve the longevity of a power conversion system,

In summary, materials were screened and classified as to corrosion resistance at
900°F with the BRT test, Time-temperature paramsters were determined for some
materials, A corrosion product removal test was considered to be successful,
Comparisons of Thompson Ramo Wooldridge corrosion data with other investigations
appeared to be favorable,

55
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System Compatibility to Mercury Corrosion Products

The preceding discussion has indicated the amount of corrosion products we may
expect to be generated in one year's operation ofa mercury Rankine gystem,
Correlation between the total internal plumbing area of the Sunflowetr system
(regardless of temperature) and the material removal data of the preceding dis-
cussion at 1100°F would conservatively indicate a quantity of material removal

of 2.6 cubic inches. Utilization of trapping conceptas, as effective as the con-
cepts employed in the reported loop tests, would reduce this by 85% to 0.39 cubie
inches. Preconditioning of the system by pre-corrosion and oxidation will per-
mit further reduction by a fuctor of 3, leaving a residual after one year's
operation of approximately 0.13 cubiec inches,

These numbers strongly indicate the tolerability of mercury Rankine systems to

the corrosion products which will be formed in a Haynes 25 system with the above
noted provisions and precautions, The picture can be made even more reassuring

by reviewing the indicated compatibility of system components, which has been
exhibited in the developmental tests of systems under much less favorable condi-
tions,

Due to the combination of economy, availability and timing of the identification

of superior materials, most of the development test rigs at TRW have been fabrica-
ted of 300 series stainless steels. As indicated in the preceding section, this
material will yield ten times the amount of corrosion products at similar opera-
ting conditions as will be yielded by Haynes 25. Yet, under these very adverse
operating conditions, we have accomplished several 500 hour runs on SNAP 2, a

2500 hour run on SPUD and the current Sunflower run in excess of 1400 hours,

These runs have been characterized by freedom from spurious influences of cor-
rosion product deposition in the rotating packages; with a single exception being
the mercury pump on the SPUD package. This exception can be explained by excessive
air leakage. In this test copious air leakage occurred through the alternator

bore seal, since mercury was kept out of the alternator stator by keeping a greater-
than-atmospheric pressure on the alternator and permitting gas flow inward through
the faulty bore seal. This operating procedure introduced enough air to cause a
bubble to form at the inlet to the pump of sufficient size to prevent successful
pump operation. Even under these conditions, such possibly oritical elements as
the hydrosphere bearings exhibited no degradation with time or corrosion product
accumulation whatsoever.

In the above noted SPUD endurance test, a .00l to .002 inch deposit of contaminants
was observed on disassembly on the first stage nozzle vanes. This buildup did

not cause an observable change in the turbine performance of that unit, However,
in the last few days of the Sunflower test, the turbine flow-pressure conditions
have indicated a similar buildup in that unit,

Results of the several 500 hour SNAP 2 tests have been free from indications of
corrosion product deposition problems in the rotating package. In recognizing
these facts, it is germane to note that the rotating units under discussion incor-
porate a number of flow restrictions and orifices, especially in the bearing

feed areas., These include both static and dynamic restrictions, The freedom

of these restrictions from blockage under these adverse conditions is significant,

Problems of corrosion product blockage have been observed in other areas of TRW's

developmental rigs and hardware, however, It has been observed that flow restrict-
iona which occur in cold portions of the flowing system may frequently be subjected
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to deleterious accumulation and even blockage. Examples are; manually

operated external flow regulating valves, jJet pump nozzles, external flow
regulators and flow metering orifices. The significant differsnce between
these restrictions and similar trouble free restrictions in the package

is the thermal condition. Specifically, blockage is observed to occur

where the material of the restriction is colder than the folowlng mercury.

This is not surprising since a portion of the corrosion products are carried

in sclution and would tend to precipitate out where the mercury is cooled.

This hypothesis has been checked by such means as employing electrical heaters
on the housings of such system elements, It has generally been observed that,
while it is difficult to clear up blockage which has occurred, hsat application
can effectively prevent the contaimment accumulation., Examples include package
drain jet pumps which are employed in the SNAP 2 system which chronically
caused trouble prior to the employment of this technique. Identical tech-
niques have been employed on flow regulators, perhaps the most notable one
being the flow regulator included in the sealed SPUD system which successfully
passed checkout, transportation, re-checkout and launch. This flow regulator

was exhibiting symptoms of blocka~e which were arrested by the addition of
heat,

This knowledgse identifies a rumber of effective controls of potential corrosion
product accumulation difficulties. In the Sunflower system it avppears that jet
pump nozzle blockage can be eliminated by permitt¥ng the jet pump driving fluid
to reject sufficient heat to space, to reduce its temperature slightly below
the temperature of the jet pump hardware,

Our current conceptual thinking is based primarily on reducing the quantity of
corrosion products formed, and circulation in the system to the minimum, In
addition, all the flow regulators in the bearing lubrication lines will be
eliminated, retaining only the modulated flow regulator at the boiler inlet.
This area can be well insulated and supplied with a few watts of electrical
heat to similarly vrevent contaminant accumulation in its sensitive elements,

The above discussion has stressed the positive aspects of our knowledge.

There are two areas of incomplete knowledge in the reassuring summary presented
above, .

1. The compatibility testing which has been accomplished to date has been

limited to single temperature conditions ( Tboiling‘k TCondensing)

and to lower velocity, lower heat flux conditions than will be ex-
perienced in operating systems., These variables may influsnce the
comptatibility data. Pumped loop experiments are being initiated at
TRW and Aerojet to provide clossr analogy to system requirements. A
second and more relevant check would result from the long term operation
of a HS-25 Sunflower near-prototvpe system,

2. Corrosion product deposition characteristics will be influenced by sero
gravity conditicns., It is avparent that 1 g conditions will strongly
tend to accumulate corrosion products, especially at liquid vapor interfaces,
and that the better dispersion which will occur under O g conditions will
improve the system compatitflity. This consideration, together with the
excellent corrosion product trapping results indicate that O g operation
will not adversely influence the system. We cannot claim, howsever, to
have operated long term O g tests of systems.
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Thus, TRW's current conclusions on the mercury compatibility question may
be sumnarized as follows:

1.

2e

3.

The use of Haynes 25 throughout the system supplemented by a pre=-
conditioning operation and also supplemented by the incorporation
of corrosion product trapping provisions will reduce the amount of
contaminants with which the system must contend to a very low value,
conservatively estimated at 0,13 cubic inches.

Developmental experience at TRW has indicated that all elements of
the system except cold flow restrictions are compatible without
measurable deterioration to corrosion product content several
orders of magnitude higher than that hypotesized in the above de-
fined system,

The "cold restrictions" exceptions of item 2 above can be effectively
negated by avoiding cold restrictions,

It will be a major objective of the forthcoming Sunflower test to demonstrate
validity of the above conclusions with one major exception. The system will
employ 300 series stainless steel throughout and will thus be exposed to the
significantly higher corrosion product formation. Thus, successful demonstra-
tion of this system will be even more significant.
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Hydrogen Cortainment

Hvdrneen Cortainment Dsta

The relatively high efficiercy of the heat sirk in the Sunflower system is
dependent or maintaining a high percentage of lithium hydride in the boiler
assembly., Jnder the anticipated conditions of operatior the partial pressure of
hydrogen over the mnlten LiH at 1600°F 1s approximately 1 atmosphere and this
results in a substantial loss of hydrogen through the contairer walls. A relative-
ly high permestion of hydrogen through the boiler irto space will produce a serious
loss irn the heat sirk capacity by decreasirg the LiH/li ratio and could also
produce problems in pump section of *he assembly.

The purpose of this discussion is to briefly summarize the experimental effort
which has been directed toward evaluating the permeability of hydrogen through
corstructioral materials and to present several methods which provide current
solutions to the hydroger containment problem,

A large quartity of data is available on the basic permeability of metals to
hydrogen. Figure 20preserts the permeability as a function of temperature for
several pure metsls. There is a wide spectrum of hydrogen permeability values
present in metals with columbium, for example, having a permeability to hydrogen
which is about three orders of magritude greater than that present in molybdenum.
As a gereral rule, the permeabilities obtained by alloying pure metals are simply
additive functiors of the metals which compose the alloy. For example, an alloy

of iron and molybdenum would have a permeability to hydrogen which is intermediate
between the permeability obtained in pure iron and pure molybdenum, however current
fabricatior techrology eliminates the use of this metal for a boller material due
to its brittleress. As a point of referemce when discussing the subsequent experi-
mental data, it is well to keep in mind that the permeability of materials to
hydroger must be at least as good as molybderum to be useful for the Sunf lower
application. °

Since the existing metals do rot afford an adequate barrier to hvdrogen loss,
consideration must be givern to oxide and glase coatings as barrier systems.

Data or the permeability of hydrogen through oxides and glasses is relatively
sparse, particularly wher the additional corditiors of chemical and mechanical
integrity under cyclic temperature conditiors are also corsidered. The major
experimental effort on this program has therefore beer directed towards evaluating
the permeability of hydrogen through metal-coating systems. The perméability is
measured with a modified Sieverts type apparatus at temperatures ranging from
1600°F to 1200°F under a pressure head of 1 atmosphere,

A. Oxide Coatings

Tvpical results obtained with oxide coatings that are unstable

are presented in Figure 21 which show the permeability of hydroger
through an oxidized stainless steel diaphragm. during the first
heating cycle, the oxide coating provides a substantial barrier
to hydrogen; however, as the specimer is cycled the effectiveness
of the coatirg is rapidly reduced until the permeability of the
coated specimer approaches the uncoated conditior.

A relatively stable oxide coated is Alp,03 which is obtained by
aluminizing Haynes 25 and oxidizing the aluminized surface. The
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permeability of hydrogen through this barrier is presented in
Figure 22 for two methods of aluminizing. The aluminizing process
which employs pack cementation (Chromalloy) provides the most
effaective barrier. Although there is a slight degradation in

the barrier properties on the first heating-cooling cycle, sub-
sequent cycling causes practically no change in the hydrogen
permeation.

B. Glass Coatings

Glass coatings are very effective barriers to hydrogen flow;
however, they are also mechanically unstable when exposed to .
the cyclic temperature corditions. Although numercus glasses
have been evaluated, they appear to have comparable barrier
capabilities when they do not undergo mechanical spalling. The
best glass from a combined long-time stability and permeability
stanrdpoint is the Solaramic coatirg. Data obtairned on specimens
coated with Solaramic are presented in Figure 24 Also included
in this figure (dashed area) are recently published data from an
independent source on the Solaramic coatings. An extremely good
bond is obtained between the base metal and coating and this
results in relatively good reliability over long time periods
and under cyclic temperature conditions.

The permesgbilities of several coated specimens are presented
for comparison in Figure 2. Both the alumirized Haynes 25 and
the Solarsmic coatings (glasses) have permeabilities which are
lower thar molybdenum, hence they represent realistic laboratory
solutions to the hydrogen contairment problem.

The logical extersion of the laboratory data is to employ it to predict hydrogen
loss after long time exposure and in actual lithium hydride containing systems.
The results of long time tests are presented in Figure 25 where the permeability

of hydroger through the Solaramic-coated specimens is evaluated as a function of
test time. Although the data fall in a scatter band, a moderately good extrapo-
lation can be performed which indicates that after 10,000 hours, which is the '
design 1ife of the system, the barrier properties of the coating are still compar-
able to those obtained with molybdenum. There is, of course, the additional
advantage of even lower permeabilities in the time interval up to one year. Using
a Snlaramic coating and neglecting the advantages obtained when the boiler is in
the shade cycle, the calculated loss of hydrogen in the present Sunflower system
is less than 3 1lbs. per year.

In many instances, certain data obtained under idealized laboratory corditions is
not applicable to actual operatirg corditions where the complicating effects of
corrosion produce a very high hydroger activity and an attendant increase in
hydrogen flux. To evaluate the ability of the hydrogen permeation parameters for
predicting actual loss of hydrogen produced in lithium hydride cortainers, actual
capsule tests were conducted under cyclic temperature conditiors. The loss of
lithium hydride determined experimentally in capsule tests was compared to the
value calculated from the laboratory derived permeability parameters. The results
presented in Figure 26 indicate that a good correlation is obtained between the
two methods ard the permeability parsmeters cam therefore be used to realistically
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predict lithium hydride contairment.

The currert status of the hydrogen cortairment problem indicates that the
Solaramic coating and the aluminized Haynes 25 provide adequate barriers to
hydrogen nutgassing. With these coatings less than 3 lbs. of Bydrogen is lost
per year through the boiler section, and approximately L x 107% 1bs. of hydrogen
is lost to the pump sectior.

The future work in the hydrogen containment area will be aimed at:
1. Developing coatings with improved barrier properties,

2. Evaluating and improving the long-time stability of the
coatings.

A significant development in either of these areas will produce ar even lower
degree of hydrogen loss and a decreased weight of the 1ithium hydride section of
the Sunflower.
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Sy=tem Compatibility to Hydrogenr

These experimertal studies on hydrogen containment have secrved to establish

rates of hydrogen diffusior thrnugh various material coating combinations. Taking
the most promising of these coatings, solaramic and alumirum oxide, it may be
calculated that the hydrogen diffusion rate, or loss, will be 2.8 lbs. per year
for loss through the boilir inner shell based upon a continuous temperature of
16000F, Of this amount, 0.2 lbs. per year is diffused through the boiler tubes
into the mercury side of the system. The remainder is lost to the space environ-
mernt and represerts a system peralty. A less comservative calculation of total
hydroger loss ylelds a value of 0.5 lbs. per year. This calculation takes into
account the variation of the boiler irrmer shell.sgemperature from nominal values

of 1250 to 1600%F during the sun portion of the orbit and accounts for the absence
of loss during the shade period due to the natural barrier afforded by the frozer
IiH at these surfaces. The calculation assumes a nominal log temperature mean
between these values and accounts for the lower hydrogen dissociation pressure at
thie mear. For a molecular weight of IiH of 8.0, approximately 5 lbs. of addi-
tional LiH will be required to compensate for this lose. Using the comservative
value of 2.8 1bs. per year hydrogen loss, 20 lbs. of additiomal LiH are required.
The 0.2 1lbs. per year diffusion into the mercury system is a conservative value,
since it 1s also based upor a continuous source temperature of 16009F and 1 atmo-
sphere of pressure, compsred to an average mercury boilirg temperature of 1100°F.

System hydrogen compatibility can be defined in terms of comporent performance

in the presence of hydrogen gas. Hydrogen diffusion into the system through the
boiler tubes can be expected to pass fram the boiler to the system condenser.
During this phase the hydrogen gas will be mixed with mercury vapor and is expected
to have little effect upon performance of the boiler, turbine and conderser
comporents. Following condersation, twn general conditions can be conceived:

1. The hydrogen gas can experience separation, accumulate and
eventually pass to the pump in the form of a gas bubble.

2. The hydrogen gas can become entrained in the liquid mercury
without separation and pass to the condensate pump in this state.

Condensate pump performance under these conditions becomes the limiting factor in
determining hydrogen capability.

Some preliminary tests have been made to determine, in general, the bubble swallow-
ing capacity of a pump operating at flow and head corditions comparable to Sun=
flower corditions. It was found in these tests that air bubbles as large as .03 in3
ir vnlume could be passed through the pump and demorstrate full recovery capabil-
ity at irlet pressures of 4.0 to A.0 psia.

Further evaluation of the effects of hydrogen gas upon pump performance is planned
neing a basic "workhorse" mercury loop, Figure 27. These tests are planned to give
basic information on the sensitivity of the boiler feed pump to hydroger in the
form it will be delivered to the pump. The basic characteristics of these tests
are as follows:

1. A prototype, L0,000 rpm, cenrtrifugal pump, jet pump booster will
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be used for fluid circulation. - #

2. Mears will be provided to introduce hydrogen into the boiling
section of the léop at accurately measured values and measure
ratural permeatior from the tubirg in the condenser and subcooler
section,.

Mears of active removal of hydrogen from the system will also be provided in the
"workhorse" loop. The centrifugal separator and overboard diffusion disposal path
concept shown in Figure 28 have the following design characteristics: The area
of columbium tube available for hydrogen egress is overdesigred by a factor of
1000. The centrifugal separation action provided is capable of removing bubbles
down to a diameter of 0.0024 in. in the separator dwell time at a l-g centrifugal
effect. The velocities provided cause centrifugal accelerations of 12 g's. These
over-design factors are intuitively felt to suffice for reservatioms which have
been recogrized for the possible reduction of permeability by the deposition of
products of corrosion or the columbium surface. The desigr can be made even more
conservative with little additiomal inventory or pressure drop. (The mercury
inventory of this separation as shown is approximately one-half pourd.)
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Sunflmer Snlar Collector Status

The Sunflower collector developmental status may be summarized as follows:

1. Preprototype Collector II-2 is fabricated and assembled. A photograph
of this assembly is shown in Figure 29.

2. ptical ir~spsction has been performed on each of the individual
sactors,

3. The assembled collector is currertly undergoing optical inspection.

4. Deplovment, vibration ard sirgle petal performance testing are s
scheduled t» be complated during the next few months.

5. Petal thermal behavior and faurication development has progressed
to the identification of the details recuired for requir=c insen-
sitivity. Confirmatior of the adequacy of these factors is in
progress by means of a computer analysis of the entire paraboloid
as a slructare.

Detatled indicatinns of the status of the various performance and weight elements
of the collector development may be obtained by reference to Figures30 and 3l.

In reviewing the achieved weight tabulatior, it may be noted that the current
sectors weight 5.9 1bs. compared to ar objective of £.C lbs. per petal. This
differerce between achieved weight and desipn objectives results from the difficulty
which has been emcountered in avoiding bucklirg on the front ard back faces of the
ho~eycomb layup. Stresses formed in the skins during layup tend to relieve them-
selves causing bucklinrg after completion of the curing process. Thies has been
corrected in the II-2 petals by providing reinforcing doudlers along the edges of
the part. These doublers accourt for the additional 0.9 lbs/sector. FPetals
without doublers have been fabricated at desigr weight of 5 lbs/sector. It is
concluded that a light prestretch operatior will reduce residual stresses in the
faces and will eliminate the surface deviatiors caused by edge buckling.

The irdicated weight reduction objectives of the lock ard hinge hardware will be
straightforwardly accomplished by reduction in wall thickness of these components.

The similar comparative optical performance status summary in Figure 31 is easily
interpreted with the possible exception of the tooling, waviness and spring back
entries under fabrication errors. The large difference between achieved and
objective in this category results from the basic definition of the II-2 Collector
in the development.program. At the time of redirection of the Sunf lower program
in January of 1962, budget limitatioms were such that the II-2 Uollector was
defined as primarily a structural integrity development copy. At the time of ini-
tiatior of the petals for this Collector, the toolirg waviness and spring back
errors were krowr ard could have beer corrected by barbering of the layup tool.
This was not done due to the cost and schedule aspects of such an operation.

As noted sbove, thermal distortion of the petals has beer irvestigated both araly-
tically and experimentally. Aralysis and tests have been co~dincted to investigate
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the heat transfer characteristics of horeycomb sardwich material of various
adhesive and core preparation details. The effect of these modifications has

been experimentally correlated both for thermal conductivity and with resultant
thermal distortion. Results of these tests have beer incorporated into a computer
program which has provided a reliable basis for idertifying desigr requirements.
In addition to the corductivitv concluisions of the small specimen testing, these
analyses have indicated two additiomal design recuirements. It has beer prelim-
inarily indicated thst incorporation of two irtermediate compression pad ergage-
ments on each petal would significantly reduce the distortiom of the assembled
paraboloid under the influerce of the thermal conditions. In addition to this
assembly provision, analyses have irdicated the desirability of i-corporating a

3 to 6 micron thickness of trarsparent silicor oxide on the reflective surface of
the solar collector to increase its infra-red emissivity. This provision in com-
junction with minimization of infra-red emissivity off the back face of the collec-
tor and the above noted detailed provisions will suffice to meet the thermal
distortion objective of 0.1° maximum distortior.
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Sunflower 3oilers and Condenser Status

Three boiler heat storage demonstration units have been comstructed. Two of
these have been loaded with lithium hydride and ground tested. The material of
construction is 316 stainless steel throughout, with 1/4 inch thick shell walls
and a heavy closure ring with a minimum thickness of 11 inches. The design is
purposely heavy to afford safety in handling and testing the lithium hydride.

Three types of tests were performed on both units, steady-state, storage capacity,
and cyclic thermal input corresponding to the 300 mile orbit. In addition, flow
startup tests were conducted on the second unit with the breadboard start system,

The steady-state tests were run to confirm design concepts and the beiling corre-
latiors. The storage bath must be desigred to boil the mercury for the 70 minutes
of shade time encountered in the 20,000 mile orbit ard operate in an almost
comtinuous transient at the 300 mile orbit. Therefore, the storags capacity tests
were conducted over the expected range of mercury flow rates with zero net heat
input. The results confirmed a storage capacity sufficient to boil the design
flow rate of mercury for 72 minutes.

The cyclic tests were intended to simulate the 50 minutes of sun time and 36
minutes of shade time encountered in the 300 mile orbit. Sufficient heat was ¢
transferred into the storage bath in 60 minutes to boil mercury continuocusly for

96 minutes. At least three cycles were completed to demonstrate repeatibility.

The startup tests on the second unit indicated stable and normal flow and pressure
conditions at the end of 18 seconds. These results indicate that the boiler heat
storage demonstration unit design has successfully met all performance objectives.

Two condenser subcooler units have been constructed and tested. The first unit
was a flightweight model which featured an exit quality from the primary radiator
of one percent. This unit was tested with the condensate {lowing vertically
upward. This condition is the most severe of the current specification. Stable
operation was not achieved with this design. Design changes were made for the
second unit. These changes included alteration of the exit qualitv from the
primary radiator to a value of approximately 15 percent and addition of a single
tube secondary radiator to condense the remainder. Further, the manifoldirg at
the exit of the primary radiator was modified to provide smooth continucus flow.
The number of tubes was reduced to increase the fluid velocity and the tube exit
diameter was maintained greater than the critical diameter. Firally, the fins on
the second unit were sized for ground test.

The second unit was tested over a range of flow rates from 7 lbs/min. to 14 1bs/min.
in the same attitude as the first urit. Stable corderser operation was achieved
over the entire flow range and with excursions from the design point of 15 percent
primary exit quality and 9L ft/sec. exit velocity to as low as 8 percent exit
quality and 45 ft/sec. exit velocity. These excursions from the design co~ditions
give an indication of the ability of the condenser to operate under adverse off
design conditions. The successful operatior of a full scale once through condenser
with flow against gravity is considered a significant milestone. The capability

to operate stably at off design corditions enhances the usefulness and importance

of the design.
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The heat rejection in the grourd test was reduced by the presence of tube heaters
which resulted in a higher condensing temperature and pressure at design flow than
anticipated.

Component Mod4fications ani Improvements

The boiler and cordenser component weights are influenced by the Sunflower system
specificatiors. The multiplicity of orbits from 300 miles to 20,000 miles con-
tributes significantly to the weight of the boiler heat storage unit. There must
be sufficient storage capacity to boil the mercury continuously for 70.5 minutes
shade time in the 20,000 mile orbit. On the other hsnd, the hydride heat input
flux mist be sufficient to transfer heat equivalent to 51 percent of capacity into
the bath during the orme hour of sun time in the 300 mile orbit.

Design and operation of the 3.0 KW Sunflower system for a single 300 mile orbit

would permit the storage capecity to be reduced to the 36 minute shade time of this
orbit. Thus, the weight of lithium hydride can be reduced. Ir addition the length
of the boilsr tube car be altered to mate with the 36 minute shade time. The
container and outer shell attachment volume and weight can be reduced correspondingly.
The net effect of these alterations is to reduce the weight of the boiler heat

storage unit by 120 pounds. Thus, the present requirement for a range of orbits

from 300 miles to 20,000 miles adds 120 pounds or A7 percert to the weight of the
boiler heat storage unit.

At low altitude orbits which require high heat absorption rates, an alternate type
of container corstruction becomes attractive. The present design consists of

two spherical shells open at one end, and the e~d is closed by a toroidal ring.
Another type of construction which appears promising is a honeycomb box. The ends
of the horeycomb are closed by the spherical shells as irn the present design.
However, the sides of the honeycomb act as fins to promote heat transfer into the
hydride bath. In addition, the homeycomb provides a rigid structure and adds
strength to the container, thus permitting thinner shells than in the present
desigr. It appears that the heat input flux may be increased from the present
10,000 BTU/Hr-Ft2 to as high as 20,000 BTU/Hr-Ft°. This increased heat flux would
allow a reduced cavity surface area and a more compact container. The smaller
volume contairer should weigh less provided the honeycomb weight is not excessive.’
The amount of increase in the heat flux with honeycomb must be determined experi-
mentally. Ir lieu of actual test data, estimates were made based on Haynes 25
honeycomb at the 20,000 BTU/Hr-Ft2 flux, ard the results indicated a potential
reduction of about 33 pounds. The potential use of horeycomb appears attractive
for development and offers altermatives to the present desigr. (Figure 37)

At the high altitude orbit, even though the LiH capacity is increased, the compo-
nent can be kept compact with +he current desigrn cocept becaase the low heat flux
requirement permits lengthening the heat flow path, thus using a thicker hydride
configuration,

The condenser subcooler component is influenced by the current Sunflower system
specification tn nperate in O g and + 1 g. Operation in the -1 g envirorment has
been successfully achieved by the condenser as a comporment, but the velocity
required to overcome the force of gravity co-tributes to a higher corderser
pressure drop. With a fixed minimum outlet preesure, a higher pressure drop in
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the condenser means a higher turbine back pressure and less output for the
system as a whole. Modification of the specification to operation in O g
and + 1 g only would permit ground test of the system and is comparable to ot
other system requirements in orbit., This modification has been employed in
the systems described later and results in reduced fluid velocities and a
reduced pressure drop. Also, liquid interface location and design are less
eritical and need only consider the effects of O g operation,
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“oVISW OF CYSTEM AND CWPONENT PLRFORMANCE IMPROVEMENT AREAS

Altermmator

The status of the altermator development is divided into two major areas. The
first part of the discussior will presert the status of the pcrmament magret alter=
nator development. The second part preserts the status of ocur electromagmetically
excited brushless alterrator. 1In each case, performance ~f existing units will

be established at power levels well above the Surflawer rating.

Before discuseing the detailed altermator performarce, a brief revisw of the prob=-
lems agsnciated with the development of alter-ators for turbine driven snace power
svstems is in order. The problem of desigring am altermator corcidering only the
power level is relatively simole., However, if we add the corditions imposed by

the rotatirg package, we end up with a~ altermator perfomance specification that
represents a» advance in the state-of-the-art. First, the alterrator must Sperate
at turbine speed. Also, the rotor design is restricted since its length, mass, ard
comstruction can seriously affect the rotor and bearing designs of the package.

Ir addition, the altermator must be -apable of nperating at temperature of 700°F"
and higher in 3 metal vapor envirowent. Experience has added mary more detailed
requirements to define the altermator as a difficult developmert problem that
must be co~sidered as an integral part of the rotatirg package.

The characteristics of a permarert magret altermator are sttractive for space
power applicatinons particularly at relatively low power outputs. The permanent
magnet rotor eliminates the need for rotating windings a4 brushes and offers high
efficliency for a low weight and volume. In the polyphase unit, the rotor losses
are relatively low and eliminate the need for rotor cooling thereby simplifying
the package design.

In Figure L0, the cross section of the permane~t magret alternator shows that the
design offers advantages in solving the high temperature mercury vapor seal prob=
lem. The stator is enclosed in a non-magnetic housinrg axcept in the bore area,

A high temperature glass is bonded to the closed slot laminatiors and seals the
stator. The maximum allowale lrakage rate with a pressure differertial of one
atmosphere has been set at 1.07 x 10~7 cc/sec of helium. Over 80% of the stators
meet this requirement without requirirg amy rework. Shock and vibration tests
have not effected the integrity of the seal. Stators have slso been subjected to
a 250°F thermal shnck by water quench and have remaired lesk tight.

In the final aralysis, the alter~ator performarce is measured by exterded operation
in the high temperature mercury vapor s»vironmert. This altermator design has
operated successfully during thousands of endurance hours in the SVAP II anrd
Sunflower rotati~g packages.

Alternators for high temperature operation are recessarily desipmed with low con-
ductor losses to minimize the insulation problem and also reduce the temperature
gradiert from the hot spot to the housirg. For pslyphase operatior, the stator
irom, rotor surface, and windage losses remain essentially constart with load.
Therefore the charge in the total loss is due to the conductor loss. The polyphase
Winding also offers more efficiert utilization of stator irom a~d copper as compared
to si~gle phase operation. Figure L1 shows a comparison of single phase a~d three
phasc performance for the SPUD altermator. OSingle phase operation also introduces
large rotor surface losses that vary directly with the load. The comparison shows
that the power output of the SrJD altermator can be increased from 1 KW to 1.5 KW
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by rewirding the stator for three phase operation.

Figure L? shows efficiency curve for the present Sunflawer altermator. This date
wes taken with the altermator operating at rated speed and a bore temperature of
6500F. All alterrators are tested at temperature prior to assembly ir the rotating
package. The test procedure includes efficiency at "off design" points and a
continuous leakage test on the stator. Although rated at a net output of 3 KW,
the altermator can provide 7 KW of unity P.F. at an efficiency of 90%. To operate
at this load, an increase in coolant flow in the stator can be provided to limit
the alternator bore temperature to the present Sunflower condition. Recent exper=-
jence in the development of a 1000°F motor for WADD has verified the fact that
{nsulating materials with higher thermal conductivity than those of the Sunflower
altermator can be used to compensate for the increased conductor loss and limit
the temperature gradiert increase. The voltage regulation will also increase with
load. However, should it be necessary to hold close voltage tolerarmce from ro
load to full load, an existing voltage regulator can be used. Output voltage is
held constant by cortrolling the saturation level of the stator back iron.

As the output power requirements increase, the permanert magret altermator has
definite limitations. For this reason, a detailsd study of the varlous types of
~lectromammetically excited altermators was made. Figure 43 shows the cross
cection of the alternator design resulting from the study. The desigr is simple
and incorporates many of the advantages realized by the permarent magnet desigm.
It should be noted +hat the stator design is similar to that of the permarent magnet
alterrator and can use the same bore seal design. Since the unit is electro-
magnetically excited, it can operate with a large air gap which affords more lati-
tude in the sealing of the stator from the high temperature mercury. Houwever, as
in the permmanent magret machire, the seal is tested as an irtegral part of the
alternator. The loss distribution is essentially the same as that of the perma-
nent magret altermator.

The advantages of the altermator are realized primarily by the design of the rotor
shown in Figure LL. The desigr is optimized by a trade-of f of magnetic and
mecharical desigrs. For a given rating, the size of any alternator is a direct
furction of speed. Existing altemators are operating at peripheral velocitics of
25 ft/sec. Rotors have recently passed spin tests at velocities of 700 ft/sec.
Known design improvements should realize a capability exceeding 800 ft/sec. The
peripheral velocity of the Sunflower alternator rotor at rated speed is 370 ft/sec.

Alternators exist for ratings from 500 watte to 15 KW, We are presently under

contract to develop ratings of 22 KW and 125 KW. Figure 46 shows the performance
characteristics of the 15 KW machire.

Tt should be noted that the 40,000 rpm operation realizes a specific weight ratio
of less than ore 1b/KW. The 75,000 rpm curve represents our presert design ob jec-
tives with a rotor surface velocity of 820 ft/sec. The specific weight for this
co~ditions is approximately 0.5 lbs/KW.

Figure L7 summarizes the existing altermator ratings that car be applied to Sun-

flower type power systems and the package sizes required to accommodate the alter-
rators.
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Additinmal Cystem Factore

Some of the areas of potential performance improvement have been directly implied
in the preceding component discussions. Before proceeding to a presentation of
the results of these implications, some additional factors related to detailed
system specifications need to be noted.

Perhape the major details of the current Sunflower program and specifications which
restrict design flexibility are:

a) Operability, without modification, at any circular earth orbit
between 300 and 20,000 nautical miles.

b) Operability during accelerations of up to one g in any direction.

c) Virtual budgetary requirement to retain SNAP 2 designs in the
turbo-altermator, to retain component development support.

d) Design for 3 KW output.

The following paragraphs discuss performance improvements which can result from
departing from some of the above requirements. Specifically, the results of the
following assumptions are discussed.

a) Pre-establishment of approximate orbital altitude to permit ‘
tailoring of the solar collector, boiler/heat storage component
and start system.

b) Modification of the operating acceleration specification to
permit accelsrations of up to one g in a predicted direction.
It i8s specifically assumed for illustration, that the total
acceleration shall be £ 1 g, and that no component shall be
in the aft direction.

c) Bearing and turbo-slternator developmental freedom is assumed.
d) Design concepts are presented for both greater and less than 3 KW.

In addition to the above program and specification assamptions, the following
paragraphs present some "second thoughts" on system and component concepts.

Rankine cycle system performance improvements can be obtained by utilizirg compo-
nerts of higher efficiencies and increasing the upper cycle pressure and reducing
the condensing temperature.

More efficiert components may straightforwardly be obtained by increasing the
design power. Incresse in total power output allows the use of more efficient
alternators. The specific examples noted above include & permanent magnet machine
of 90% efficiency at 7 KW and a TRW Brushless type alter—ator with an efficiency
of 93% at the 15 KW level. These concepts are not design values but have been
accomplished on actual hardware. The packaging of the 7 KW permanent magret
machine 4s identical to the current Sunflower unit. The 15 KW machine requires a
larger diameter due to the excitation coil but can be incorporated into the package
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with no change in bearing span, allowing use of the same bearings and shaft
assembly as modified for the new rotor at the same, L4O,0C0 rpm, rotating speed.

Increase in turbine efficiency to the 63% rarge at 7 KW and 70% at 15 KW results
from the higher cycle weight flows. At these higher power levels, leakage losses
lose significance, and the stages approach full admission. The higher power
turbines also fit in the existing package designs. Axial lergth is unchanged,
and only blade height and stage admissions change.

These factors permit the increase in power output of the current Sunflower turbo-
alternator with very minor changes in package design, to 7 or 15 KW. These designs do
not only benefit from higher turbine and alternator efficiencies. Since rotating
speed, bearing load and pump poder remain unchanged, the turboealternrator package
efficiency is further increased by the reduced significance of package parasitic

power losses. In the present Sunf lower unit, these losses comstitute 18.5% of

the turbine output. In the 7 KW example, these are halved to 9.25%.

Wider cycle limitations can also be utilized.

Corservative design 1limits the turbine inlet pressure to a maximum of 350 psia
due to the irfluence of boiling temperature on the cuantity of corrosion products
formed. The 240 psia value of the present Sunflower desigrn was largely determined
by the maximum pump ocutput pressure which had actually been demonstrated at pro-
posal time.

The boiler cutput temperature must be mairtained near the 1250°F temperature of
the current Sunflower system to match the [iH mei%ing point.

Condensing pressure minimums cortinue to be dictated by the design limitations of
Jjet=centrifugal pumps. However, the choice of a known acceleration direction on
zero g operatlon permits reduction. The known acceleration direction allows place-
ment of the pump in a position to avoid acceleration induced NPSH reduction and
allows relaxation of condersate drop transport requirements pemi‘t\ting lower =
condenser AP, \M"w/f /m""’i"’“i W,’:c“'
The demomstrated NPSH operating limits of Hg jet-centrifugal pump combirations

is shown in Fig ' " L. Classical pump design and operating experience with this
type of pump has shown that the pump will operate for extended periods of time with
jet pump capacity ratios up to M = 2.2. (¥ is defined as pump net useful flow 2
jet pump flow.) Short termm operatiom car be tolerated to lower 'PSH conditions,
limited by accumulated implosion damage due to operation in the cavitation region.
For example, a test which was con~ducted to determine the minimum NPSH point at
which the prime was lost is »moted on the curve. It is observed that this is well
to the left (lower NPSH) side of the stated capability limit.

Other system improvements are suiggested in the start system preheating concepts.
One concept employs the use of pyrotechnic hesters. After orienting the collector
and traversing through ore sur cvcle the cordenser radiator is at a temperature of
approximately 30°F. The erergy required of the chemical pyrotechnic heater is that
necessary to raise the temperature to 600°F,
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Two mixtures have been irvestigated, a barium and a molybdenum mixture. The
barium mixture becomes an unstable crystalline solid ard liberates latent heat

of crystalline change at approximately 725°F, The moly mixture liberates sensible
heat of a solid recidue.

The analysis indicates the barium mixtare will bring the condenser tube to 00

+ 159F and maintain the temperature for approximately 235 seconds as shown in
Figure j9. Tre moly mixture was insufficient to bring the tube t» temperature with
a reasonable amaurt of mixture,

£ typical protntype pyrotechnic heater concept is shown in Figure 50 . Zlectrical
impulse would be used to fire the initiator and the rcaction would be self-sustaine
inrg, burming at a rate of four to five seconds per foot.

The barium preheating system weighs approximately UL pounds. This compares with
a total preheatirg weight of nearly 100 pounds under the present Sunflower corcept.

A~ attractive concept utilizes the primary source of ererpy, the IiH storage bath,
to preheat the CSJ and condenser. This system employs a separate motor driven

pump to circulate a fluid such as Dowtherm past the botler/heat storage unit to

the CSU and condenser camporents. Prelimirary calculatiorns for a 7 KW unit indicate
that a system of this tvpe would require a flow rate of 35 lbs/min. of Dowtherm

with a resultant pumping poder of 170 watts. The required battery capacity is
deperdert upon preheat time. A typical sequence would consist of orier~ting the
system toward the sun and, as the boiler/heat storage unit approaches the desired
operating temperature, iritiating the preheat system flow. Flow would be continued
durinrg the remairing sun and the following shade period. This would allow preheating
during t'e shade portion with system operation to commence upon reertering the sun
cycle. Cee Fiure 51,

The weight elemerts of the preheat system are listed ss follows:

Primary battery 3.7 Ibs. (Based on 20 Watt-fir for 1 hour)
Pamp=-Motor L.0 Ib .
Tubing 5.0
FManifolds 3.0
Accumulator L.0
Dewtherm I-ventory 3.0
22.7 lbs.

The ~umbers are based on a brief look at the comcept, and although a more detailed
analysis is required for a given system at a particular orbit, we feel the system
could be desigred with a weight of approximately 25 to 30 pounds.

Another feature of the system is that the heat exchanrger passage formed around the
radiator tubes can be utilized as a meteoroid bumper shield and would, in fact,
8llow a reduction in the wall thicknass of the radiator tubing. To avoid having

to protect the preheat system for long term meteoroid protection, the concept would
employ a deliberate puncturing of the Dowtherm loop so that the radiator would not
be influe~ced in its thermal operation should a puncture occur. The radiator
design wnuld be corrected for the effect of the bumper on the radiating area.
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A further cycle improvement can result from the k~owledge of the demands of the
useful load requirements of the system. If the loads and time duration are known,

a system can be designed to operate around the nominal load rather than the peak
load.

To accomplish this power variation, a modulatirg flow control valve is i-corporated
into the boiler irlet line. This valve is modulated.$o control parasitic load
power to a safe minimum regardless of variations in useful load demand.

The erergy conserved as shown in Figure 52, results in a direct reductior of
IdH heat storage material anrd a straightforward reduction in collector size.

The modulating velve is ot sersitive to carrosion products since the signal
received ie proportional to actual system surplus power output. Therefore, should
deposits form on the orifice and reduce flow, the resultant power reduction is
sensed and the correcting error signal repositions the valve.

Other reductions of collector size can be realized by decreasing the reradiation
losses from the cavity receiver. An aperture closure device can be utilized which
senses the incident flux. When this flux is cut off, as while in the earth's
shadow, the door would close over the aperture ard reduce the reradiation loss.
This results in a 5-8% reduction of collector area.

The same element could be utilized as the temperature controller for the boiler
heat storage urit.

A~other improvement which could be utilized, which again results in reduced

collector area, is a more accurate attitude comtrol system. The following curve, Fig, 52

shows the effect of attitude cortrol on collector performance and the resultant
gains in efficiency. Since some attitude control system is required to orient the
system to the current + 3/40 accuracy, the penalty to orient to the tighter toler-
ance is limited to increased propellart. Since a useful propellant capacity of

2C lbs. suffices to orient a typical 3000 lbs. vehicle to + 3/L° for a year, the
increased propellant reguirements of a * 3/89 orientation for insta~ce would be
the quite minimal value of 20 additioral pounds.
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SYSTEM EXAMPLES

Shown on Figures 53 and 54 are system configurations of a 3.0 KW SPUD and a
7.0 KW Sunflower system. These systems have been conceived based upon the
component and system performances discussed above., Figure 55 illustrates the
versatility of packaging of the present 3,0 KW Sunflower system for a specific
transfer mission for a low altitude orbit to the 24 hour circular orbit.

3.0 KW Extended SPUD

The system is convenietly packaged in a 5 ft. diameter space envelope of 1L4.5
ft. overall length. The system is designed for O-g operation and capable of
operating in a unidirectional l-g enviromment for prelaunch checkout and or-
bital accelerations. The basic criteria for design are as follows:

1. Higher power is orovided by a higher capacity and performance
electro-magnetic alternatoar in the standard speed package.

2. The system incorporates a flow modulating valve at the boiler
inlet and low parasitic capacity of 100 watts.

3. Component turbine efficiency of 57 percent,

7.0 KW Sunflower

The system is packaged in the current Sunflower space envelope, 9.6 ft.

diameter cylinder, 8 ft. long, topped by a right circular cone of 15° half

angle. The system design provides for operation in a unidirectional 1-g environ-
ment, with orientation of the force parallel to the longitudinal axis in the aft
direction., The basic system design assumptions are as follows:

1. 7.0 KW of electrical power is provided by a higher capacity and
performance permanent magnet alternator in the standard Sunflower
package.

2. Boiler flow modulation to supplement a narasitic power capacity
of 300 watts.

3, Component turbine efficiency of 70 percent.

L. Alternator efficiency of 90%.

3.0 KW Sunflower Orbit Transfer Vehicle

The system design layout illustrates the packaging flexibility of the present
Sunflower system to meet a specific mission requirement. Shown is a system
configuration for a transfer mission to the 24 hour circular orbit. The design
provides for a mission travel time of aoproximately 120 days and useful payload
gf 200 1bs, Hydrogen fuel requirement for the low thrust transfer engine is

(0 lbs,
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In conjunction with the presentation of system layouts, system weight estimates
have been orepared. These are shown in tabular form on Figure 56 and include
estirates of a 1.5 KW SPUD unit and 15.0 KW Sunflower units. Given also are

some of the significant parameters, along with assumptions oa cemponent efficiency.

The 1,5 XW SPUD system design is based upon extention of the present SPUD per-
formance, generally through higher performance and capacity of the permenent
magnet alternator. This is orovided within the dimensional limitations of the
SPUD package. System parameter limitations have been confined to increase in
turbine inlet pressure and temoerature to 350 psia and 12509 resvectively.
Lower cycle rressure and temperature, 2.5 psia at 522°F, are ccnsistent with
the present SPUD system and component requirsments.

A straight extrapolation of the same cycle and performance criteria as used in
the above systems yields a weight estimate at the 15 KW level of 1301 1lbs, F
Figure 57 shows a layout of the turbo-alternator for this system. As shown, this
unit is the same as the current Sunflower unit exceot that the girth has been in-
creased in the alternator area to employ the TRW brushless alternator vehicle we
described in a preceding section.

At this higher power, it was also of interest to conduct a preliminary design of
an improved system, The bases for cycle and component operating assumptions has
been discussed in the preceding section. The major assumptions are repeated as

follows:

1) Turbine exhaust pressure, 2.5 psia - sual jet pump
2) Four stage turbine, interstage reheat, ?;T - 75%
3) Alternator efficiency - 93%

L) Altitude orientation - #3/8°

The results of this investigation are also tabulated in Figure 56. The weight
of this system is estimated at 1116 1bs. Weight of the start-up auxiliaries is
based upon use of circulation of a 943 secondary fluild as discussed above for
condenser preheat.

The primary consideration in going to lower exhaust pressure is avallable head

to the condensate oump. Through use of dual jet boost pumps in series, condensing
pressures of this magnitude become practicable and offer the advantage of higher
thermal efficiency.
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CRICEPT RETIABITITY ASSESSMENT

Succeasful operation of the Sunflower conversion unit for 1,500 hours,
following the successful 2,500-hour endurance run of the SPUD conversion
unit, orovides an important demcnstration of the capability of the Mercury
Rankine snlar power system for reliable, long endurance operation. The
Sunflower unit endurance run is, in fact, continuing with no indication of
performance deterioration and the SPUD unit was shut down by plan, with
subsequent inspection showing the unit to be in good mechanical condition.
These endurance demonstration runs, therefore, ovrovide a very positive demon-
stration of capability for operation for one year, or longer.

Proof of reliability for this type of long endurance power system is difficult
to obtain, however, by test alone. For example, successful oparation of
twenty-five (25) such power plants for one year, without a failure, would ’
only statistically "prove" a 91% reliability, at a 90% confidence level.
Obviously, time and expense reguire that additional techniques be used to
predict operational reliability for this type of system.

The following discussion therefore presents several types of information
which provides a basis for confidence that the Sunilower solar vower system
has the capability for achieving 95% reliability of operation for one year,
a8 18 required to Justify initiating full scale development of this power
system. These types of information are:

1) Summary of design features which have been included to attain
reliability.

2) Assessment of reliability of the system, using recognized com-
ponent reliability evaluations.

3) Discussion of techniques to be used in the development mrogram
to realize this reliability potential.

Attainment of reliable, long endurance operation was a maior consideration in
the Sunflower design and in the SMNAP 1, SPID, and SYAP 2 desi-ns, from which
the Sunflower concept grew, The Sunflower concept of power generation, there-

fore, already includes conservative design principles oroven by extensive ex- N
perience,

The first factor included in this background experience feature ia that these
Rankine cycle power plant designs have been based upo1 commercial steam and
mercury power plants which have shown extensive capability for operating con-
timiously for two or three years without shutdown. Forced shutdowns in com-
mercial power plants occur only rarely during the 1life of the unit and the
major cause of these shutdowns result from problems associated with the com-
bustion side of the boiler and due to the fossil type fuels used. Recent
studies of commercial power plant operation data (as described in Reference 1)
show that, when the problems associated with fuel burning are eliminated, the
turbo pgenerator systems experience a forced shutdown only once every 2,9 years.

Direct reliability comparison of the Sunflower power conversion system with that
of commercial refrigeration systems can also be made. Household refrigerators,
for example, have sealed units guaranteed for five (5) years even though the
units are continually started and stooped and have little or no cleaning of

95




built-up dirt deposits. In comparison, the Sunflower systen is operated con-
tinuously at constant speed with little or no degradation due to accumulation

of deposits on the condenser., In comparison to the household refrigerator,

the goal of the Sunflower system is for 95% reliability for one year's operation,

The Sunflower and SNAP designs include further features to provide reliable,
long endurance operation, in excess of that provided by commercial power
plants. Briefly, these features may be summarised as follows:

1. Operates at conservative temperature and material stress limits.,

2e Hermetically sealed.

J+ No rubbing seals or brushes.
L. Working fluid is also the lubricant.
5. Journal bearings.

6. Low turbine tip speed.
7. Ttilizes a single combined rotating unit.

It may be seen that these major design features have el&pinated many compon-
ents which would tend to wear out ‘n service. The life of the power plant,
therefore, depends upon such basic things as material compatibility with mercury,
diffusion of lithium hydride, and erosion of turbine blades and bearings. These
factors have been separately discussed and it has bsen shown that capabilities
for component 1lives substantially in excess of one year are indicated by the
numerous component teats and the system endurance tests which have been run,

To obtain reliable system operation, it is also necessary to eliminate the early
life failure, due to an inherent flaw in the fabrication of a particular unit.
This type of fa'lure must be avoided by extreme care in fabrication and inspect-
ion, and by extensive acceptance check-out of each power plant which will be
placed into operational use.

It remains to show that the properly inspected components, each having inherent
capability of operating for the required time without "wearing out" will not

have a high probability of failure due to random, undetectable causes. An assess-
ment of system reliatility, based upon random failure rate data, obtained from
recognized sources, is therefore presented in the following paragraphs:

Two independent assessments of reliability are represented by the tabulations
of Figure 58 . 1In the second column, no consideration has been given the system
elements except the assigmment of a juigment number of relative complexity. This
mumber is selected from a range from 1 to 450 in increasing complexity and is
based primarily on an estimate of the difficulty of the function performed, as
well as consideration of the design to be employed in this particular concept.

Column 3 is then calculated from the assignments of complexity of column 2 by

indicating a failure rate proportional to complexity, based on a 95% probability
of one year's successful operation,
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The tabulations of column L, on the other hand are failure rates predicted
from failure experience data of elements similar to those of the Sunflower
system. These rates are from the AVCO Corporation (2) and are for Aerospace
components, A compariscn between Column 3 and Column l shows that for the
most part the failure rates and assumed complexity failure rates are in
approximate agreement., In the case of the alternator and bearings, however,
prior engineering knowledge rates the complexity fa lure rates higher than
Justified for a mature well-developed system. With oroper development, the
alternator and bearings should be the most reliable components of the system.
As previously mentioned, the problem in these areas are related to the de-
velopment of suitable materials.

The predicted system failure rate and resulting 91.8% reliability in Column L,
although net as low as that required for 95% probability of success, is well
within developrent capabilities, Since the system is essentially a mechanicd
design, we would expect that random failures may be virtua'ly eliminated as a
cause of system failure. The conservative design practices will insure that the
wear-out limit is well beyond the system capabilities, and ~reflight checking
and running will insure that early failure potential will be eliminated.

The small margin of difference between the credicted 91.8% and the desired 95%
reliabllity growth potential. For example, using a conservative 86% learning
curve (i.e., 14% reduction in the unreliability each time the program effort
is doubled), the difference could be realized in 12 months.

Examples of reliability growth during four (L) typical development orograms
similar to the Sunflower are shown in Figure55 . A simple percentage of runs
free of unit-caused-stops is used as an index of program progress. This index
changes during the course of the program due to the change in emphasis during
the testing. On most programs, the initial reliability growth is small due to
the dynamics of cetting the system in operation. We wculd, therefors, expect
early failures followed by a period of rapid growth as the design problems are
resolved, Finally, we would expect that the system would gradually approach the
reliability objective,

In the case of the Sunflower system, prior engineering knowledge from the SNAP
and SPUD programs would naturally tend to pat the Sunflower system on the rapid
growth portion of the curve., This assumption is borne out by the current en-
durance run of 1,500 hours,

As an {llustration of the Sunflower system design, we can compare it to the
Romarc AP,

Turbine Tip Speed Max, Turbine Temp.
RPM Ft./Sec. OF
Bomare 60,000 1400 1300
Sunflower 40,000 390 £50

By comparison to the Bomarc turbine, the conservasive Sunflower turbine design
indicates that the tabulated failure rate for the turbine, in Column 4 of Figure
58 , 18 high and eou’d be reduced since the stress temperature relationship is
low as compared to the proven Bomarc design.
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Also, with respect to the condenser, the major failure mode is in the welds,

A concerted quality control and inspection program, including 100% dimensional
checks, helium leak detection, x-ray and dye penetrant, and proof pressure test-
ing, will virtually eliminate weld failure as a contributing cause of system
fallure. We could, therefore, also expect that the estimated condenser failure
rate of Column L could be greatly reduced.

Since the turbine and condenser estimated failure rates comprise approximately
one-half the total system fallure rate, reduction in these two components would
greatly reduce the system unreliability.

In a fuel development program, the inherent high reliability of the Sunflower
system will be kept at its maximum by comprehensive design reviews, quality
assurance, and a detailed feedback of test data, inspection data and materials
data. This will insure that, the design is satisfactory for the intended mission,
the design will not be degraded during manufacture, and feedback of information
will minimize any potential trouble areas.

Elimination of random failures resulting from partial tolerance build-up, unde-
tected material weaknesses, hidden defective workmanship, and other similar

factors can be ‘nsured through the application of proper quality control tech-
niques. With normal mechanical wear-out, the equipment 1ife can be more accurately
predicted than if the failure is of a random nature. Designing the components

with wear-out well beyond the life requirements will provide adequate wear-out
safety margin,

In conclusion, this analysis indicates that all Sunflower system components are,
inherently, sifficiently reliable for the required mission. The Sunflower system
reliability objective of 95% can be met by, (1) utilizing conservative design
techniques, (2) through design reviews, (35 adequate quality control and inspection,
(L) feedback and analysis of all pertinent data, (5) comprehensive development,
endurance, environmental and acceptance teating, (6) sufficient system break-in

run to eliminate early failures.

Through the use of the basically reliable components in the design and by hsing

the proven reliability techniques in conjunction with a wall-planned development

program, the 95% reliability for a one year life obbjective will be achieved in a
very reasonable time,

Reference

#1 Edison Electric Institute, Turbine and Boiler Availability Report for the
Period 1955 through 1958, New York.

#2  Reliability Emgineering Data Series - Failure Rates, April 1942, Aveo Corp.,
Research & Advanced Development Division, D. R. Earles and M. F. addirgs.
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ADVANCED SYSTEMS

In order to provide a basis for exceeding the performance of solar mercury
Rankine cycle space power systems, TRW began an extensive analytical and
experimental investigation of other system possibilities approximately 18
months ago. Under this program some interesting conclusions were reached.
These are as follows:

1) Cycle thermal directly effects the weight and size of solar systems.
Since installation volume and weight are major limits in space power
systems, it is of major importance to reduce size as well as weight.

2) Cycle efficiency improvement, obviously, requires operating the
cycle over wide temperature ranges.

3) Since the solar energy receiver reradlates energy in proportion to
the fourth power of the upper cycle temperature (and since light
weight, precision collectors are cifficult to fabricate and store)
it is more advantapeocus to reduce the bottom cycle temperature than
it is to increase the upper cycle temperature.

L) To avoid difficult material technology problems and, also, to
utilize the unique high heat storage capability of lithium hydride,
it is desirable to avoid top cycle temperatures of over 1250°F.,

5) For reliability, endurance capability, and light weight, the con-
version machinery must be a h:igh speed turboalternator.

On the basis of these conslusions, establishment of the concept of a solar
Space power system using the binary Rankine cycle, with mercury as the upper
cycle working fluid, follows as a natural result. To avoid the disadvantage
of an excessive radiator weight due to low heat rejection temperature, a
concept of utilizing the backside of the solar collector as a rajiator also
was established. In its simplest form, this system concept is shown in
Figure 60. In this system, the rejected heat from a normal SUNFLOWER type
mercury Rankine system is utilized to vaporize a second, low temperature,
Rankine cycle working fluid. This vapor drives a second turboalternator and
is then condensed in a compact condenser. Circulating fluid carries the waste
heat to tubes attached to the back surface of the solar collector. The
collector is constructed of aluminum sheet and acts as a finned tube radiator,
rejectine Leat from both its front and its back surfaces.

Performing a thermal balance on this cycle results in the conclusion that,
with the solar collector, rejecting heat directly absorbed from the sunlight,
heat reflected and emitted from the earth, and waste heat from the cycle, the
equilibrium temperature is about 150°F, when the upper cycle temperature is
establisked at 1250°F. Since the system continues to operate, while in the
earth's sradow, using heat stored in litrium hydride, the cycle waste heat
rejection will maintain the collector temperature at approximately 130°F
during this period, and will actually assist in reducing the collector thermal
cycling and distortion.
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Operating between the temperature limits of 1250°F and 150°F, the binary Rankine
cycle can achieve thermal conversion efficiencies in excess of 30% using many
different low temperature cycle workine fluids. Extensive analysis has shown
that this system is superior to high temperature solar power systems, incorpor-
ating alkali metals as the working fluid, on both a size and a weight basis.

The low temperature systems are also considered to be much more reliable, since
they do not require high temperature technology advances and since they can be
based upon the proven concepts of the SNAP, the SPUD and the SUNFLOWER programs.

It is therefore appropriate to consider the properties desired for the low temper-~
ature cycle working fluid. Obviously, for this fluid we desire capability for
operating between the mercury condenser temperature, of approximately 600°F, and
the heat rejection temperature of 150°F. We desire that the fluid be thermally
stable for long durations in this temperature range, that it have suitable vapor
pressure and suitable thermodynamic characteristics, for achievement of efficient
turbine operation. Due to extensive stationary power plant experience with water,
it would be expected that water would be chosen as the ideal fluic to fit these
requirements. Detailed analysis of the water-steam cycle for these conditions,
however, reveals that water is not well suited. The excessively high pressures,
high velocities, and small flow volumes associated with the steam turbine pro-
duces the result that this component would have a low efficiency in the power
range below 50 kilowatts and is, furthermore, difficult to integrate with a
mercury turbine. Many other low temperature working fluids have, therefore,

been considered. A working fluid having a very desirable combination of quali-
ties is orthoxylene. The vapor pressure curve and the Mollier diagram for this
substance are shown in Figures 61 and 62. It will be noted from the inclination
of the saturated vapor line of the Mollier diapgram, that this working fluid has
the advantage of superheating slizhtly in an isentropic expansion. This charac-
teristic provides dry turbine operation and also allows regeneratively preheating
the boiler inlet flow. These factors produce very attractive efficiencies for

a Rankine cycle using this fluid.

In view of the attraction of this cycle, an experimental program was initiated
by TRW, and has been subsequently supported by the Air Force, to show the
feasibility of the integrated collector radiator and the hydrocarbon type
working fluids. Under these programs, fabrication feasibility of the inte-
grated collector radiator has been demonstrated as shown in Figure 63. This
figure shows a stretch-formed aluminum collector with tubing attached for
circulation of the heat rejecting fluid. Present indications are that ‘collectors
having very good optical precision can be fabricated at a total weight of less
than .25 1bs. per square foot. A large number of low temperature cycle working
fluids have alsc been tested in capsules, as shown in Figure 6L, at temperatures
of up to T00°F and for periods of one month. These test conditions simulate
operation for one year at 600°F and have shown excellent thermal stability for
several different fluids. For example, Figure 65 shows the appearance of the
capsules containing orthoxylene. Orthoxylene was exposed to stainless steel,
carbon steel and aluminum and did not appreciably decompose or cause corrosion
on any of these metals. For comparison, decomposition capsule results for other
commonly accepted high temperature hydrocarbon fluids is shown in Figure 66.

As previously stated, the simplest techniques for operating such a binary
Rankine cycle would be to utilize two separate turboalternators, each one
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being similar to the present SUNFLCWER or SPUD units. A system schematic of
such a power system is shown in Figure 67. This system is designed to deliver
6 kilowatts, using two 3 kilowatt SPUD units as previously described. This
system can achieve 28.2% overall thermal conversion efficiency. The turbine
pitch speed and volumetric flow rate for orthoxylene are so closely similar

to mercury vapcr that nearly the same turboalternator, operating at the same
speed, can be used for both units. Using components designed on the same
basis as the mercury units previously described, it is estimated that the total
weight of this 6 kilowatt solar power system would be only L62 pounds, or a
specific weight of 77 pounds per kilowatt. It is also significant to note that
the deployed collector diameter for this 6 kilowatt system designed for opera-
tion in a 90 minute orbit, with 36 minute shade time operatins capability,
would only be 21.L ft. The orthoxylene working fluid, being quite similar to
kerosene in its characteristics, is expected to be a good lubricant. Ortho-
Xylene vapor also provides a good non-corrosive low temperature environment

for a reliable alternator operation period. The performance improvements
previously noted are, therefore, expected to be readily attainable with an
overall system reliability comparable to the single fluid systems. By suitable
ugse of auxiliary pumps, it is also possible that each turboalternator may be
made to operate independently of the other unit. Such an arrangement may,
therefore, provide improved reliability for part power operation.

A furtiier very interestine conversion unit design which is being analized and
investigated is shown in Figure 68. In this unit the mercury turbine is canti-
levered on the shaft of the hydrocarbon unit, with the two fluids separated by
a shaft seal. The good lubricity and compatibility characteristics of the
hydrocarbon can thereby be utilized and the system complexity can be reduced.
Tre shaft seal required could potentially be merely a centrifugal shaft seal
and separator, as has been previously tested at TRW and proven capable of
sealing mercry. Component testing of this centrifugal snhaft seal, and also

of other seals, based upon rubbing contact and capillarity sealing principles,
are being tested under the present Air Farce sponsored program.

A schematic of a 15 kilowatt, single shaft, binary power conversion system is
shown in Ficure 69. In the 15 kilowatt size, this system is estimated to
achieve a thermal conversion efficiency of 33.3%, at a total system weight of
approximately 760 pounds, or 51 pounds per kilowatt. Furthermore, such a 15
kilowatt power system, designed for the 90/36 minute orbit-shade time require-
ment, would have a collector diameter of only approximately 31 ft.

Similar binary Rankine power systems are applicable to larger power require-
ments. System specific weight may be expected to further decrease as the power
is increased to the 30 to 50 kilowatt range. Since the system uses separate
pumps to circulate coolant to the radiator, it is particularly well suited to
the use of multiple (or redundant) cooling circuits to prevent the meteoroid
shielding weight from becoming excessive in the larger sizes.

The foregoing discussion has provided a very brief summary of the performance
potential of advanced solar power systems, based upon binary Rankine system
technology. It is believed that such systems are capable of providing an
unexcelled performance and reliatility which, for example, could be utilized

by manned space stations in the 30-50 kilowatt electrical power range. It is
considered extremely important that the NASA should include plans for developing
the components neecded to reallze this potential as an important part of an
extended SUNFLOWER program.
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COMAETITIVE COMPARISWNS

Electroric Power Conversior and Control

The purpose of this discussio- is to establish the following poirts:

1. I» co-siderirg power systems for space applicatior, attertior must be
given rot orly to the power source but also to the c¢lectrical load
requirements before any comparative amalysis can be made of either system
weight or efficiency.

2. No matter what the power source is, typical lonad requirements irdicate
the need for power cormversion devices betweenthe power source and the load.

3. A comparative advartage :xists from both the standpoirt of weight and
efficiency of power conversion devices with AC inputs over those with
DC inmputs.

Ir order to discuss the above poirts, it is necessary to define a typical load
requiremert for a space power applicatior. The usual requiremerts for these appli-
catiors can be summarized ss follows:

1. low voltage DC for a variety of transistorized subcircuits performing
such functiors as: control, guidarce computation anrd sigral co~ditioning
for telemetry purposes.

2. High voltage DC for such load requirements as telemetry transmitters and
ion ergine power.

3. Sirgle ohase or three phase AC, LOC cycles, to power such lozds as gvros,
mj scellarenus motor actuators and source requiremerts from whi~h higher
DC voltages car be derived,

L. A combiration of the above lnad requiremerts,

Next, the basic types of power saurces which are available must be examined. These
sources can be placed in either of two categories. The first source provides IC
power from sach urits as solar cells, thermionic or thermnelectric devices, and
batteries. The second categorv is AC power gererated by rotatirg equivmenrt. Inm
incorporatirg power sources from either catepory,an importa~t point ic this: To
meet the typicsl load requiremerts just described, it ie mandatory that conversion
devices be placed between the power source and the load.

Corversion devices are of the followirg basic types:
1. The irverter which comverts DC to ary required AC output.

2. The frequercy changer which accepts AC input power and provides as an
output. a lower freguency AC oatput.

3. A DC to DC corverter which accepts a DC irput ard corverts it to either
a lower or a higher DC output.
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L. A rectifier which accepts an AGC irput and provides a DC output.

Of course, all of these devices must be tailored to meet the specific parameters
of load requiremsnts such as frequency stability, harmonic cortent, regulation,
overload protectior, etec.

The operation and comparison of subsystems involved in converters which produce AC
outputs car be explained with reference to Fijure 70 . In the case of a DC irput,
an inverter is required. The Reference and Firing Contrcl portions of this unit
provide the time base and control of the Power Switches which alternately switch
the DC power input through en Output Transformer to provide ar alterratirg voltage
output of the required frequency. 4 filter is used to mirimize harmonic cortent
in the firal AC cutput. 1In the case of an AC imput, & freguemey changer is
employed to derive ar AC output at the proper frequercy. Here a comparatively
high AC i~put rrequency is cormverted to a lower AC nutpat frequercy. A minimum
ratio of input frequency to output frequemcy for this device is about L to 1, As
ir the inverier, the Reference ard Firing Control subsystems provide the pgating
control for the power switches. In the frequercy changer, the furction of these
pawer switches is the gating »f the high input frequency at appropriste times so
that portions of the input power waveform are combired to produce the required out-
put waveform. Filtering again is used to mirimize output harmonice.

Three important differerces exist between the inverter and thre frequency changer
circuitrv,

1. Ir the case of the freouency changer, natural commutation of the power
rwitches is achieved because of the XC rather than DC input. The result
1s a considerable reduction ir circuitry &nd complexity in the frequency
changer as compared to the inverter.

?. The output transfarmer required in the inverter to obtain the proper
mtput voltage has completely elimirated the frequency changer.

3. Since in the frequency changer the output of its power switch stage
mare closely approximates the desired waveform of the AC output, a
lesser filtering requirement exists in the case of the frequency changer.

The above differences result in both a higher efficiency ard a lower welght for the
frequercy changer as compared to the irverter.

A comparisom of DC producing comverters can be seen by reference to Figure 71 . 1In
the DC to DC corverter, the Oscillator and Firing control operating ir conjunction
with the power switches invert the DC irput to a square wave AC output which is
subsequently trarsformed irto ar appropriately higher AC square wave output,
rectified and filtered to produce the firal DC output.

With an AC input, orly a simple rectifier am4 filter are recuired to produce the
firsl DC output. It is obvious that comsiderable circuitry and a tranrsformirg is
elimirated utilizing AC vower which ig reflected in increased efficiency and weight
reduction. The discucsion of the basic types of converters and their assnciated
subcircuitry gives a qualitative feel for weigzht a~d efficiemcy comparisors. To
give a more quartitative type of comparison, it is »ecessary to choose a more




specific DC or AC source. Such a comparisor has beern made based on the following:

AC Source - Solar Cells

Output voltage - 4O + 12 v IC
Storage battery - 28 v DC + 1.4 - C

AC Source - Altermator

Qutput voltage - 120 v, 2000 ¢.p.s., 3 phase

These sources were used to provide output power through appropriate converters for
either a 28 v + 5% DC load of 300C watts or an AC load at 110 v + 5%, LOO c.p.s.
+ 1%, 3 phase at 3000 watts.

The results of the weight efficiency comparison are tabulated in Figure 72 , ooth
for the case of AC output and the DC output. A similar comparison is made for a
combired load requirement, that is, the Lewis ion engine. In this case, the DC
input, efficiency and pounds per kilowatt figure are those for actual hardware
which has been developed at TRW. This device accepts a 56 v DC input and provides
low and high voltage DC and AC outputs

In summary, power converters are required regardless of the prime input power
smurce, both the basic technologies and existing hardware are available for all of
these converters whether their inputs be AC or DC. Very distinct advertages from
the standpoint of welght and efficiency, however, accompeny those converters which
have an AC input.
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Jystem Comparisons

To evaluate the advantages of the solar dynamic system for space applications
it is recessary to make a comparison with competitive power systems. The systems
of primary interest fall into the static corversiom category and include the
following:
I. Solar Cells
II. Thermionic Generators
III. Fuel Cells.

The following pages include examples of these systems for a specific mission and
power requirement. The co~ditiors are:

1. 300 nautical mile orbit (ecliptic)
2. Corti~uous 3 KW pnower of
a) 28Y + 5% D.C., or
b) 1107 + 5%; 3¢; LOO cvcle
@
3. 1 yvear life.
A complete set of calculations is included for the solar cell system while the
thermionic ard fuel cell systems are presented in a schematic and graphical form
respectively,
Following the calculations is a list of several recent techrical papers. These

documents, plus conversations with recognized experts in the field, are the basis
for the system synthesis presented.
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I. Solar Cells
3 KW Photovolteic Power System*
Desigr Parameters

A. Solar Cells

1. Bfficiency (?S/Cl); uncorrected 12%(2) Solar Space
Spectrum @ 28°C
2. Degradation factors
a) adhesives, wirirg, .006" cover glass 131(2)
b) temperature -
.5%/°C above standard @ 70°C 21%(3)
c) radiation degradation after 1 year 251(3)
d) stacking factor, concentrator 10% ()
e) marufacturing error . cg (1)
3. a) concentration ratio 2.0(1&5)
.. ncident flux 260 ;%'29
b) efficiency increase at higher solar intensity 5%(1)
L. Specific weight, structure .35(1) 1bs/ft2
5. Specific weight, solar cell | .6(1) 1ba/ft2
6. Misc. hardware, antenma, brackets, deployment .2(6) 1bs/ft°
B. Batteries
1. Capacity ¢ 20(7) watt-Hrs/Ib
2. Discharga depth 25%(7)
3. Charging efficiency ()Zch) 80%(8)

C. Power Conditioning Equipment**
1. DC-DC comverter - 28Y + 5% ocutput
a) efficiency (7/yp) 8o%
b) weight 36 1bs

* A Boeing Company concentrating panel concept has been used for this
comparison since this ylelds the most competitive results,

** See Preceding Section cf this report,
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2. Inverter - 110V * 5%; 3@; LOO cycle output c
a) efficiency (%?I) 80%
b) weight 81 1lbs

3. Battery charger

a) efficiency ()73/0) 80%
b) weight 30 1lbs
Calculstiors:

For a 3 KW 28V + 5% DC useful power output system, the primary conversion
device must gererate enough power to account for the inefficiency losses of
the ~ecessary accessory eauipmert. The powerout of the solar parel is:

L1 TShade , 1 , L
"R Tsun Meuw  Yme

1 36 min 1 1
. —_
3.0 x 8 1 Y& min X 80" .80

Ps/c = Piseful X

3.75 (1 + .938)

3.75 + 2.52

P 7.27 KW

s/c

S~lar cell efficiency must be degraded by the applicable factors (Par. A-2) to
establish the cnrrected space efficiency.

Vs/c = Msjcy x 87 x .79 x .75
« 12,0 x .515
)75/5 = £,18%
Applying increase in efficiency due to higher intenmsity (Par. 3-b)
VS/C = 6.18 X 1.05 - 6.5%

Therefore, the pawer dencgity of the solar cells is,

Pse.

. = solar constant x concentration ratio x )75/0

= 130 Watt/Ft2 x 2.0 x £.5%

= 14,9 Watt/Ft2
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Therefore, since the solar cells require only 50% of the total comcentrator
array(1&55, the required array area

= Pg/c

r
Chsse x .50

A, o 1:27 KW x 1000 Watts/KW
a
16.9 Watts/Ft2 x .50

- 860 Ft?
Applying the 5% mamufacturing error penalty and the 10% stacking factor

Aal
05 x .9

- 1028 Ft2

and since approximately S50% of the array is covered with solar cells,
array weight is

Wy = Ajo x .50 x Sp. Wt. of 5/C + A, x (Sp. Wt. of Struct. + Misc. Hdwe.)

- 1028 Ft x .50 x .6 1b + 1028 Fe© x (.35 b+ .2 b/Ft?)
Ft? Ft2
= 306 Lbs + 565 lbs

Wa = 8§73 Ibs

The battery weight is calculated as follows

F x Tgpage X 1/)(VR

Capacity x Disch. Depth

NBattery -

3.0 AW x .6 Hr x 1000 Watts/KW x 1/0.80
20.C Watt-frs x .25
b

Therefore, total system weight will be:

wSyst. - wArray * Waatteries * ¥Accessortes -
Since for the 26V + 5% DC System



w'Access. ® wBatt.Ch. * wbonverter
= 30.0 + 36.0

= 66.0 Lbs
wSyst. = 873 Ibs + 4SO Lbs + 66.0
wS(DC) = 1389 Ibs
Since the efficiencies of the power conditiorning equipment are the same for an
AC or DC system, the only weight difference will be in the accessory weight.
Therefore, a comparable 110" + 5%, 3@, LOO cycle AC system would weigh
Worstem = 873 + U50 + Wi yorter * Wnatt. Chg.
= 1323 + 81 + 30

Ws(ac) = 134 Lbs

Schematice for both the AC and DC systems are shown in Figures 73 and TL.
It is interesting to rote that the area-to-power ratio for full sun operation is

Agr = 1028 = 141 Ft?
Ps/c 7.27 KW

and the weight-to-power ratio is

wSyst. - 873

Lbs/Kw = 120 Lbs/KW

These n%m?ers compare with the values presenteg by R. J. Tallent of the Boeing
Company 1) of area-to-power ratio, APR = 83 Ft“/KW and

weight-to-power ratio, WPR = S4 Lbs/kW
for contiruous sun operation.

The discrepancy in these numbers is due to the assumed solar cell efficiency at
the mission orbit enviromment.

A telephore comversation with Mr. Tallent of the Boeing Company on 7/20/62 revealed
the basis for his numbers. He has assumed the availability of 12%% efficient

solar cells (space efficiency, 1.e..28°C and 140 mw/cm?) and a conservative
degradation factor of only 12%. This factor is a result of a more optimistic
effect of elevated cell temperature and complete disregard for radiation damage.

If Boeing's APR is corrected to include the degradation effects assumed in the
above calculatio-s,

APR' = 83 Ft2/iW x .88 . .
518 x 1,05
= 135 Ft2/KkW
12L



Likewise, if the WPR is corrected

WPR' = Sl Ibs/KW x .88
. X i,

= 88 Ibs/Xw

It is row seer that the APR value compares favorably with that obtaired in the
above calculations, but there is still a difference in the WPR. This is due to
the lower array density assumed by Boeing. :

D . WPR _ Sk Los/KW
“  APR B3 F€2/KkW

= 65 Lbs/Ft2

Compared t,o/;/él = 85 Lbs/Ft2 assumed in the above analyses. Correcting for
this ratio

| WPR' = 88 Lbs/KW x .85 = 115 Lbs.
.65 KW

Which again compares favorably with the above analyses.

If the possibility that the density of the array can be reduced to a.65 Ibs/Ft2
| is accepted, the 3 KW DC system weight would be

Ws/pc = Agt x: Ja * Watt, * Waccessories
1028 Ft° x .65 Lbs/Ft° + LSO Lbs + 66 Ibs
668 + 450 + 66

= 1184 Lbs
and the AC system weight would be
wS/AC = 666 + LSO + 30 + Bl
= 1229 Lbs.
It should also be noted that perfect orientation of the panels has been assu~ed.
A misoriertation error will r~aturally increase the weight-to-power ratio. For

example, Reference No. 5 states that a reduction in output power of 10% will result
if a misorientatior of 8° occurs about an axis parallel to the concertrator troughs.
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(1)

(2)

()

Referarces

. P =

AIZE Cormference Puper No. 62-12137, "Outical Electrical Desigm
trreiderations for Comcentrating Iolar Cell Panels", R. J. Tallert,
The Bneinpg Company, Avrospace Divisiom, Seattle, washington,

T [ T 9] e i 2 3
P15E C-=fererce Paper Wa., 62212027, "Desiym Parsmeters for Photovoltaic
cover Corvereim i- Sozce™, 4. 2. Pav, Hoffman Elactronics Corp.,
21 Mo~te, Califerris.

Tuid {2), oocrating *evperstire vas co-firmed as typical of corcen-
trating pomel by J0 UL wiee (L5T0PLD)) Static Erergy Coeversion
Sectiom, 15D, WADD.

A1sE Comferance Paper Y, 4?-11ﬁ3?, "lesigr Coneiderations in the
vee of Phntovaltats Systems", =. ¢, Duiort, Martin Yarietta, Corp.,
Xnvar, C-lorado.

"ihotevoltaic rover for Space Venicles', Alfred lammer, Jr., The
Joeing Comnary, Scattle, Wash., presented at the Seventh Regional
Feeting of the IWE, Seattle, Wash., May 23-25, 1962,

Biced on zonmversations with Jet Prepulsion Laboratory persornel
regarding design parameters for earth orbiting missions.

a.) ATuE Corferenmce Paper Wo. 60-L70, "Sealed Secondary Batteries:
“ickel=Cadminm and Silver~Cadmium for Space Pmwer®, R, C. Shair,
Gultor Industries, Inc., Metuchen, Y. J., preserted at the ALEE
Wirter Generzl Meeting, New York, . Y., January 31, 1962,

«) ATEE Corfererce Paper No., 62-11&3*, "Sealed Alkaline Batteries
or fpuce Applications”, J. E. Cooper (ASRIFP=2), USAF, Static
nergy Conversion Section, ASD, WADD.

ne selection of this parameter was based on - reasomable cxtensiom
£ the art of «ilver cadmiam batteries, since the only long cvcle
life teste that have been successful thus far have been on low
wvatt-hr per pound batteries at room temperature., J. . Cooper hes
ratified the :ire of 20.C watt-irs per pound as a reasomable design
parameter for this type of mission.

J ~3 3th O

Comfirmed as a valid assumptiom for *his mission by J. E. Cooper,
(AcRMFP-2), JSAF, Static Erergy Conversion Sectior, ASD, WADD.

* The se papers were presented at the AIEE Summer Gereral Meeting, Denver,
Colnrade, dure 17-22, 1962,
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II.

III.

Thermionic Gererators

Schematics and weight summaries for typical thermionic systems are presented

as Figures 75 and . The weight of L5 Lbs/KWN for the themionic conversion portion
of the system is corsiste~t with both the irdustry and THW research program
estimates.

The thermionic power corversior system is similar to the solar cell gystem in
that it requires the same type of energy storage for sun-shade missions. Therefore,
the desigr criterta utilized in this weight estimate is the same as Section I.

The thermionic gemerator type system appears to enjoy a distinct weight advantage
over solar cells. However, there are several other factors which must be included
in a discussion of this type of system. Major developmental consideration must

be directed to the material problems associated with the extreme temperature
cycling of the components ard the exacting orientation requirements. To achieve
the stated specific power density of L5 Lbs/KW, the thermionic modules must be
orierted to a greater degree of accuracy than other solar power conmversion devices
or additioral weight penalties must be paid. A secondary consideratior which is
not inconsequential is the precision manufacturing processes required to obtain
the high quality solar concentrators which are employed in this type of system.

Fuel Cells

In some applications the fuel cell enjoys several advantages over competing power
conversion systems. The major desirable characteristics inherert in .#his system
are the independerce of sun-shade operation and solar orientatior requirements.
However, these advantages quickly disappear as soon as mission duratioms exceed
more than a few days. This is primarily due to the fact that the specific fuel
consumption (SFC) of a fuel cell system is about 1.0 Lbs/KW Hr.

A fuel cell specific weight of 50-60 Lbs/KW and the above mentiomed SFC are
supported by THW research programs and those of other power system suppliers.

A curve of specific system weight vs. electrical power output is presented as

Summagz

A summary of solar dynamic Rankine system specific weights vs. power output at a
300 nautical mile orbit is shown in Figure 78 These curves are representative of
the systems discussed in earlier sections of this report. The specific weight has
been corrected to account for the weight penalty associated with appropriate power
conditionirg equipment.

For comparisor, the specific weight for both the solar cell and themionic systems
are shown. The specific weight of these systems remains essentially comstant
throughnut the range of power discussed.
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