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COMPARISON OF 1-, 2-, AND 3-LOOP SYSTHEMS FOR
NUCLEAR TURBINE-GEVERATOR SPACE POWER PLANTS
OF 300 KW TO 5 MW OF ELECTRICAL OUTPUT

A. P. Fraas J« W. Michel

ABSTRACT

A series of six representative 1-, 2-, and 3-loop systems
incorporating the principal features of most of the Rankine
cycle systems that have been proposed are delinested for pur-
poges of comparison. For a reactor outlet bLemperature of
2000°F the relative sizes and weights as estimated from basic
thermodynamic, hest transfer, and Tluid flow considerations
are roughly in the ratios of 1, 1.5, and 2 for the 1-, 2-, and
3-loop systems, respectively, Statistical data on component
reliability indicste that the mechanical relisbilities of the
power plants for 10,000 hr of operation are of the order of
0.9, 0.8, and 0.6, respectively, for the 1-, 2-, and 3-loop
systems. The analysis indicates that the instrumentation and
control equipment will have a reliability about egual to that
of the mechanical eauipment for a single-loop system, but the

reliability wiil fgll off wmuch more rapidly with an increase
in the mumber of loops thar appears To be the case for the
mechanical equipmen The conltrol of free liguid surfaces
under zero-g conditions appears to be more difficult for
single-loop systems, but taerv is too little experimental
background to judge Just how difficult these problems may
prove to be. Start-up and hazards problems are discussed,
and the advantages of a spilanning vehicle for manned missions
are emphasized.
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TNERCDUCTION

When the MPRE Program was transferred to the Jurisdiction of
Mr. H. B. Finger in July, 1965, he regquesbed that studies be made of a
nurber of major problem areas. Perhaps the most significant of these
wag concerned with the relative merits of the various 1-, 2-, and 3-
loop Rankine cycle systems that have been proposed for nuclear reactor
turbine-~generator power plants for space vehicles. While the need for

a2 comprehensive study in this =rea is evident, there are so many factors




that must be considered that it is not surprising that previous attempts
to make such an evaluation have been limited in scope. A proper com-
parison should include such factors as system size, weight, complexity,
Stability and control characteristics, reliasbility, hazards character-
istics, zero-g problems, start-up, and adaptability to a wide range

of missions,

In setting up this study it appeared that the best approach
would be to compare a set of representative ldealized systems that in-
corporate the best features of the various space power plants that
have been under development. The first section of the report deline-
ates such a set of six systems designed to be consistent with a common
basic set of design precepts. The seccnd section of the report is
directed toward the determination of the relative size and weight of
the major components for these slx 1-, 2-, and 3-loop systems., The
tnlrd section is devoted to an examination of the information avail-~
able on the mechanical reliability of well developed equipment of the
type projected for the space power plants, and an estimate of the best
reliabllity that one might reasconably hope to achieve in a well develop-
ed system. The fourth section treats system control requirements,
fallure modes and hazards problems, Instrumentation requirements, and
the religbility of the control equipment. The fifth section is de-
voted to a chort review of the problems associated with the control

g conditions and the extent to

o

of free-liquid surfaces under zero-
which these problems appear in the six systems considered. The sixth
section is concerned with the problems of starting up a power plant
in orbit and the relative degree of difficulty to be expected for the
six systems. A seventh section is included at the end to summarize
the problems that emerged from the analysis and direct attention to
those areas that particularly merit attention 17 the bases for choos-
ing between the various systems are to be lmproved.

It is inherent in the study that so many complex problems sre
involved that it has not been possible to make the presentation at
once reasonably rigorcus, sufficiently detailed to facilitate a criti-

cal check of the analysis, and yet easy tc follow. An effort has been
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made to include enough material so that a reader femiliar with these
specialized problems will see the reasons for each step in the analy-
sis and maintain some perspsctive on its oversall implications. The
amount of thisg background information has been limited in the interests

of concisenass.

SUMMARY AND CONCIUSIONS

Basic heat transfer, thermodynamic, and structural considerations
indicate that a series of refractory metal 1-, 2-, and 3-loop systems
designed according to a common set of design precspts for a 2000°F
reactor outlet tewperature will have radiator sizes and powsr plant
weights (except for shielding) in the ratios of 1, 1.5, and 2. Follow-
ing the same design precepts, a single-loop stainless steel system
designed for a reactor outlet temperature 1540°F will have a radiator
size 1.8 times that of a single-loop 2000°F refractory metal system
and a power plant weight (not including the shield) 1.33 times that

of the refractory metzl system. It should be emphasized that this

comparison was between type 30k stainless steel on the cne hand and a
refractory alloy of greater strength than Nb-1% Zr~l/2% C, 1.e., an

r
alloy comparable in strength to D-43 or T-111, both of which are in
the early stages of development. WNb-1% Zr—l/E% C gives a heavier plant.

Reliability data for well developed equipment indicates that a
single-loop system msy be developed to give a probability of around
0.90 of operating 10,000 hr without a mechanlecal failure. Application
of the same data leads to corresponding values Tfor the 2-lcop and
3-loop systems of sbout 0.8 and 0.6, respectively.

The number of basic control functicns reguired for normal opera-
tion increases more rapidly than linearly with the number of loops in
the system. The complexity of the electronic equipment required to
carry out these control functicns as well as related diagnostic and
safely functions increases much more rapidly than linearly with the
number of loops in the system. Application of standard Department of

Defense specifications for the reliability of high cquality electronic
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components to circuits typical of those that would be required to carry
out the control functions for normal operation indicates that even
through the optimum use of derated eguipment gnd redundancy, both in

the components and the circults, the reliability of the electronic
equipment required for a single-loop system will give a probability

of the order of 0.90 of surviving 10,000 hr of unattended operation.

The corresponding values for multi-loop systeme with once-through boilers
appear to be much lower — well below 0.50.

In comparing the problems of free liquid surface control in the
various systems, the problems in the condensers of all of the systems
studied appear to be similar, and reasonably satisfactory demonstrations
have been made that they can be solved. Recirculating boilers with
thelr associated vapor separators and expansion tanks pose more diffi-
cult problems than once-through boilers, but there is little experience
to serve as a basis for appraising the relative difficulty of these
problems. A few ground tests on both boilers and vapor separators have
been encouraging, as has a flight test of a vapor separator and ex-~
pansion tank assembly. Further work will be required to provide a
better basis for Judgment.

Over 300,000 hr of ORNL cperating experience with electric heaters
in potassium indicates that these heaters have a mean life to failure
of only about 2500 hr, and that the mode of failure may lead to a
rupture of the sheath. Contamination of the liguid metal in which the
heaters are immersed 1s likely even iT elaborate instrumentation and
control equipment 1s provided to sense an incipient failure and switch
of f the heater. While major improvements in heaters are expected,
this experience implies that the power plant control scheme should not
be based on the use of a parasitic load consisting of electric heaters
cooled by liguid metal.

Over 10° hr of operating experience with conventional electric
motors in the Oak Ridge Gaseous Diffusion Plant indicates a failure
probability of about 1% for 10,000 hr of operation. High-temperature
canned-~rotor electric-motor-driven pump units are substantially more

complex and subject to additional failure modes (e.g., the bore seal).
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If their failure rate is only three times as great as that of well
developed industrial wmotors, the reliability of any system depending
on a canned rotor electric motor driven pump 1s seriously degraded.

Free turbine driven pumps in a vapor system appear to be much
more reliable than canned rotor electric motor driven pumps because
they are simpler mechanically, are subject to fewer failure modes,
entail smaller temperature differences, and are not dependent on either
an electric power supply or a cooling system for the windings.

Over 10% hr of experience with well-developed bellows seal
valves operating at room temperature, coupled with over 200,000 hr
of experience with both bellows seal valves and accumulators in liguid
metal systems, indicates that 1t will not be possible to get satis-
factory reliakility in either a bhellows-lype expansion tank or a con-
tinuously operated control valve.

Once-through boilers appear to require the use of two continu-
ously controlled throttle valves or the equivalent thereof, and re-
liability data indicate that these components will be less reliable
than caaned rovor pumps. Because of this the reliability of once-
through bciler systems 1s much lowar than that of recirculating boiler
systems. In addition, once-through boller systems depend on the proper
functioning of a much gresbher smount of complex electronic egquipment
than recirculating boiler systems. The electronic equipment contrib-
utes a large further difference in reliability, particularly for un-~
manned missions. Hence, a better approach to the boiler control and
liquid inventory distributilon problems than any found in this study
will be reguired to obtain an acceptable reliability for once-through
boller systems. Ih may be that an expansion tank similar to that con-
templated for the recirculating boiler system will prove to be the
best solution.

The probaklility that the crew of a manned space vehicle will be
subject to a serious radiation dose as a consequence of a fusl element
leak in a single-loop system appears to be substantially lower than
the probability of a major fission product releasse caused by a coolant

flow stoppage in a liquid~cooled reactor system.
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If a single-loop system is judged to be unacceptable because of
the possibllity of ccentamination of the radiator by a fuel element
leak, tne boiling reactor 2-loop systems of Figs. 3 and 4 give smaller
radlators, lower system weights, and higher degrees of reliability
than the liquid-cooled reactor 2-loop system of Fig. 5.

The best way of assuring that the crew will not get a serious
radiation dose as a conseguence of a reactor circult pump outages ap-
pears to be provision for afterneat removal by thermal convection.
This will require that the space wvehicle be spun to provide a centri-
fugal field.

For unmanned missions a single-loop system secems $0 be clearly
superior to the others in all respects except for the uncertainties
assoclated with the control of free liquid surfaces under zero-g con-
ditions. The high boiler pressure drop available with the single-
loop system of Fig. 2 makes its zero-g problems comparable with those
of the once-through voilers. This leaves only the vapor separator-
expansion tank unit as presenting a zero-g problem unique to the
single-finld system.

In weighing the costs of the efforts required to solve the vari-
ous problems of a space power plant development program against the
possible returns, it appears that the costs of solving the zero-g
problems of the single-loop system may be far less than the costs
assoclated with trying to get either the higher degree of reliability
required for a multi-Jloop system or the background of refractory metal
technology required to make a multi-loop system competitive with a
stainless steel single-loop system.

A single-loop system with a liguid-cooled reactor and a flash
evaporator might give less difficult problemg with the control of free
liquid surfaces under zero-g conditions than a single-lcop boiling
reactor system.

In single-loop systems it is possible for radicactive material to
contaminate the radiator. This does not present a problem in unmanned
vehicles, but in manned vehicles it will reguire the use of a separated
isotope of potassium (°%K) for reactor outputs above aboub 1 Mw(t).

Estimates indicate that tune amount of activity carried to the radiator
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by mass transfer will be negligible, and the amount of activity that
might escape from a leaking fuel element would increase the radiation
dose in the crew compartment by about 2 mr/hr. This would be reduced
by a factor of about 3 1f the spacecraft were designed so that about
10% of the equipment and supplies were interposed between the power
plant and the crew.

The reactor core sizes and nence the shield weights were found

to be nearly the same for all six systems considered.
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1. DELINFATION OF REPRESENTATIVE SYSTEMS

After surveying the literature to examine the basic features of the
many systems that have been proposed, 1t became evident that a meaningful
comparison of the principal systems could be made only if a common set of
design precepts were established for the entire set. Once thig was done
Tlow sheets were prepared, and s set of basic thermodynamic cycle calcu-
lations were made to facilitate estimates of cycle performance and com-
ponent proporticns. This preliminary work is summarized in the three

subsections below.

Design Precepts for the Systems to be Compared

2,3 . .- .
1722° gintered UOs in slender cylin-

As shown in companion reports,
drical capsules gives a smaller reactor core size for long-lived, high-
power-density reactors than any other type of fuel for which extensive
test data are available.

Both lithium and potassium were considered ag coclants for the
liguid-cooled reactors. As shown in a companion report,4 in high-power,
long-lived reactors where fuel burnup considergtions are controlling,
lithium will permit only a minor reduction in core diameter as compared
to potassium. On the other hand, it has the disadvantage that, if UOg
1s used ag the Tuel, lithium poses a sericus hazards problem since it
will react exothermically with UOs. Further, its melting point is 357°F
as compared to 145°F for potassium, thus increasing the amount of preheat
required for startup. While NaK would have a still lower melting point
than potassium, the induced activity would be from 100 to 10,000 times
as great, thus presenting shlelding problems. Thus, while potassium
leads to higher pumping power losses and heavier pressure vessels than
lithium, it was chosen as the fluid for all of the reactor circuits as
well as for the thermodynamic cycle. For the indirect condensers and
auxiliary cooling systems, NaK was chosen as the heat transfer fluid.

Except for the above two ltems, the system proportions and com-

ponent performance defined for SNAP-50 systems in the latest Pratt &
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Whitney Reports were employed where applicable. ’7  For example, while
any number of independent and parallel clrcuits might be employed for the
radiztors in systems with indirect condensers, it appears from SNAP-50
(and SNAP-8) studies that four parallel circuits give close to the optimum
overall system reliability.

A coolant temperature rise of 100°F through the liguid-cooled
reactors was employed because 1t 1s the value used in the later CANEL
work on SNAP-50. Analysis indicates that the system performance and
weight are not very sensitive to moderate variations in this parameter.

The reactor power was chosen as 2.2 Mw{t) for the base condition to
facilitate a direct comparison with the CANEL SNAP-50 information. The
study wag then extended to cover systems designed to produce 1 Mw and
5 Mw of electric power.

On the basis of values used by P&W in CNIM-6292, the efficiency of
the main turbines was taken as 83%, the efficiency of the electrical
generators as 86%, the efficiency of canned-rotor motors as 80%, and the
efficiency of centrifugal pumps as 50%. On the basis of ORNL experience,
the efficiency of small turbines for free-turbine-driven feed pumps was
taken as 60%.

The temperature of the coolant leaving the windings of the electric
gererators and motors was taken as 625°F, and the coolant temperature
rise was taken as 68°F to be consistent with the CANEL SNAP-50 work.

The pressure drops in the liguid-cooled reactor circuits and in the
TaK civcuits for the indirect radiator systems were taken to be sinilar
to those for the corresponding SNAP-50 systems.

Free turbine-driven pumps were used in the loops in which boiling
occurs, since these components appear to be much more reliable than
electric motor-driven canned rotor pumps. When used in the malin thermo-
dynamic cycle, their vapor consumption was estimated to be 3% of the
total vapor Tlow rate, and the turbine exhaust was used to heat a stage
of the regenerative Teed heater. Tor a 2-loop system in which a boiling
regctor circult heats the boiler of the thermodynamic cycle, the same
conditions were assumed with the condenser for the turbine of the primary

circult pump serving as a Teed heaber stage for the thermodynamic cycle.
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In view of long-range considerations, the best choice for the
structural material appeared to be a refractory metal alloy similar to
D-43, a niobium base alloy with sufficient strength to be suitable for
a reactor outlet temperature of 2000°F.% While some other refractory
alloy such as T-111 might be employed with a temperature of possibly as
much as 2200°F, it is believed that this would have little effectl on
the relative sizes and weights of the components for the various systems
compared in this study.

Magnesium oxide was chosen gs the reflector material for all of the

reactors, because it appears to be the best material available for the

4

purpose as shown by extensive in-pile testing.

The number of auwxiliary systems was keot to a minimum. To this
end, the system fluid was used for the lubrication of the bearings in
the turbines, generators, and motors and for the cooling systems for
both the generators and the electric motor-driven pumps. It was assumed
that both the reflector and the shield would be designed so that, even
for the manned missions, they would be cooled by O.4in. heat pipes spaced
on 2 in. centers to provide sufficient redundancy to assure a very low
probablility of fallure.

For manned vehicles the radiation dose at 90 deg to the side of the
shield wag taken as 1000 times that in the direction of the crew compart-
ment. The reactor-crew separation distance was taken as 150 ft. The
equivalent of 30 g/cm2 of shielding 1s probably obtainable by judicious
disposition of eqguipment and supplies between the power plant and the
crew. In the event of serious difficulty in a power plant, provisions
will be made so that the power plant could be jettisoned within 24 hr
of the occurrence of the difficulty.

In the interest of reliability, the generator and reactor control
system should be kept as simple as possible. The generator cutput voltage
and frequency will be permitted to vary +10% in transients involving a 20%
step change in the load. Recovery from a transient need not be rapid.

The voltage and frequency should be held within #5% (and if possible with-
in i2%) under steady-state conditions.

Ta manned vehicles the electronic control equipment will be loecated

in & region accessible to the crew so that 1t can be maintained.
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To give a structurally well-proportioned launch package, the

radiators should be cylindrical in form (as in the SNAP-50 layouts for

the Titan III).

The above design precepts and bases for the comparative study are

summarized in Table 1.

Table 1. Summary of Design Precepts for Comparing a
Serieg of Idealized Systems Typilcal of Advanced
Rankine Cycle Space Power Plants

Reactor

Fuel

Burnup, at % (max)

Fuel element diam, in.

Coolant

Coolant temperature rise (in
liquid-cooled cores), °F

Moderator in core

Reflector material

Reflector thickness, in.

Coolant exit temp., °F

Core structural meterial

Reflector cooling

Power output, Mw(t)

Contrcl provisions

Shield

Cooling system
Ratio of dose at side to that in
direction of crew compartment

Resctor-crew separation distance, It

Shielding value of equipment and
supplies, g/cm2

Provigion for jettisoning power
plant

Power Plant

Voltage variation in 20% load
transient, % (max)

Freguency variation in 20% load
transient, % (max)

Steady state variations in
voltage and frequency, % (max)

U02

2.5

0.25
Potassium

100

None

MgO

3 in. to 5
2000°F

Nb alloy
Conducticn
2.2

4 Plugs in

Heat pipes

1000
150

in.

and radiation

the end reflector
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Table 1. (Continued)

Steady state variations in

voltage and frequency desired, % 2
Pump drives for boiler circuits Free turbine
Vapor consumption of free turbines

in terms of total vapor flow

from boiler, % 3
Pump drives for liquid circuits Canned rotor pumps
Efficiency of main turbine, % 83
Efficiency of generator, % 86
Bfficiency of pump drive turbines, % 60
Efficiency of canned rotor motors, % 80
Efficiency of centrifugal pumps, % 50
Temp. of coolant leaving windings

of generator and motors, °F 625
Number of parallel NaK circuits for

indirect radiation systems I

System Flow Sheets

In attempting To assess the reliability, control, stability, and
weight characteristics of various 1-, 2-, and 3-loop systems for Rankine
cycle systems, 1t appeared best to base the comparison on a series of
idealized power plants ranging from a single-loop system similar to the
MPRE to a 3-loop system similar to the latest CANEL SNAP-50 system.

Six systems were chosen in order to give sufficient variety to include
most of the design compromises that might be made and yet confine the
study to a set of systems in which each could be compared with the others
on a consistent basis. While 1t is the most complex of these systems,
the 3-loop system does not include all of the complexities of either the
CANEL SNAP-50 3-lcop or the SNAP-8 system. At least it can be said

that, from the complexity standpoint, it should compare more favorably
than they with the 1- and 2-loop systems.

Flow sheets for the six systems considered are presented in Figs. 1
through 6. The single-loop MPRE system essentially as it has stood for

the last three years was used ag the first system. The second is a
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Figure 1. Single loop system with jet pumps to recirculate liquid
through the boiler and a direct condensing radiator.
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Figure 2. Single loop system with liguid recirculated through the
boiler by the feed pump and a direct condensing radiator.
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Figure 3. Two-loop system with a boiling reactor loop used to heat
the boiler of the Rankine cycle loop containing a direct condensing
radiator.
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Figure 4. Two-loop system with a boiling

cycle loop coupled t2 a set of parallel indirect radiator loops.
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Figure 5. Two-loop system with a liquid-cooled reactor loop heating
the boiling of a Ranzkine cycle loop containing a direct condensing
radiator.
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Figure 6. Three-loop system with a liquid-cooled reactor loop
heating the boiler of a Rankine cycle loop coupled to a set of parallel

indirect radiator loops.
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single-loop system similar to the MPRE but with the vapor separator re-
moved to a point outside the shield and the connecting piping arranged

so that liquid from the vapor separator is recirculated by the feed pump
instead of by Jjet pumps. The third is a 2-loop system in which a boiling
potassium-cooled reactor is coupled to an intermediate heat exchanger
that acts as a condenser for the primary system and the boiler of the
secondary, or Rankine cycle system. The fourth system is another 2-loop
system in which the boiling potassium reactor loop of the MPRE is coupled
to a shell-and-tube condenser cooled by four independent NaK radiator
circuits. The fifth, also a 2-loop system, is similar to the third
system except that a ligquid potassium-cooled reactor is used to heat s
once-through boller with the same sort of reactor cooling circuit as has
been used in the SNAP-8 and SNAP-50 power plants. The sixth is a 3-loop
system formed by combining the reactor circult of Fig. 5 with the con-
densger circuit of Fig. 4.

The single-loop system of Fig. 2 differs from the MPEE in several
important respects. Using the centrifugal feed pump to recirculate the
liguid from the vapor separvator entails some penalby in pumping power
(although this is almost trivial if the boiler exit vapor gquality is more
than 40%). However, the extra pressure drop avallable can be used to
increase the flow velocity and thus effect some reduction in reactor core
size as well as to provide greater assurance of freedom from difficulties
with boiling flow stability under zero-g conditions. Some complication
of the plumbing is required, however, since the recirculated liquid is
returned to the feed pump through a regenerative type of heat exchanger
to avoid thermal stress problems. If, for example, the reactor exit vapor
quality were 50%, the return liguld flow rate through the vapor separator
to the feed pump would be equal to the flow rate of the Teed stream from
the condenser. Hence, the feed heater should be doubled in size and the
flow from the boller to the feed pump should move countercurrently through
the regenerative feed heater. The regenerative arrangement iz necessary
since the Teed pump would give serious difficulty with cavitation if the
return stresm from the vapor separator were not cooled. It would also be
possible to make use of a two-stage pump, with one stage handling the cold

stream from the condenser and the other stage recirculating the return
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flow from the vapor separator. This approach would complicate the pump
since it would require two impellers, but 1t would have the advantage
that it would reduce the probability of mass transfer problems. On the
other hand, it would have the disadvantage that it would increase the
temperature difference between the varicus parts of the casing In the
free~turbine-driven feed pump and hence would induce thermal stresses.
Since it is believed that mass transfer would not be a problem in an
all-niobium system, and since there is a strong incentive to minimize
the complexity of the free-turbine-driven feed pump to increase ifs re-
liability, the arrangement of Fig. 2 was chosen for the second single-loop
system of this study.

The 2-1o0p system of Fig. 3 appears to be both novel and atiractive.
It makes use of a boiling potassium-cooled reactor designed to deliver
a very low vapor guality at the reactor outlet. A vapor separator de-
signed to remove a small portion of the vapor would be used to supply
vapor to a free-turbine-driven boiler recirculating pump which would
recirculate the potassium in the primary circuit. Since the bulk of the
heat transferred through the heat exchanger between the reactor circuit
and the main Ravnkine cycle system would entail condensation on the high
temperature side and boiling on the low temperature side, the entire
boiler would operate at a nearly uniform termperature, and could be de-
signed so that the temperature drop between the reactor core outlet and
the turbine inlet could be kept to only about 50°F even for a design
giving sligntly superheated vapor to the turbine. Further, other ad-
vantages are +that the recirculating pump in the primary circuit should
have a substantially higher reliability than could be obtained with a
canned rotor pump, the temperature loss between the boiller outlet and the
turbine inlst can be kept to 100°F less than would be possible with a
conventional liquid-cooled reactor circult, and the mechanical pump would
provide = relatively large pressure differential across the core to as-
sure freedom from bolling flow stability prcblems under zero-g conditions.
It has the disadvantages of somewhal greater weight and complexity than
could be obtained with a single-loop system, but less than would be re-
quired if a liquid~ccoled reacior were employed %o aveid the possibility

of fission products reaching the radistor where they might endanger a crew.
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The 2-loop system of Fig. L4 is essentially similar to the MPRE
system except that shell-and-tube condensers are employed instead of a
cirect condenser. The four shell-and-tube condensers are connected to
four independent radiator circuits employing NaK as the working fluid.
This portion of the system is essentially similar to the corresponding
portion of the 3-loop CANEL SNAP-50 system.”

The 2-1oop system of Fig. 5 1s essentially similar to the 2-loop
system given serious consideration by CANEL.® The primary fluid is
circulated through a liquid-cocled reactor by an electric motor-driven
purp with a separate clrcult to keep the windings of the motor cool. A
once-through beiler designed for only & little superheating would supply
vapor to the Rankine cycle system which has been taken as being identical
with that planned for the MPRE system outside the reactor.

The system of Fig. 6 has the reactor circuit of Fig. 5 and the con-
denser circuits of Fig. 4 to yield a system quite similar to the 3-loop
system laid out by CANEL on the SNAP-50 Program.

In all of these systems, 1t has been assumed that the generator
coolant flow will be supplied by a centrifugal pump mounted on the

generator shaft.

o
IJ

lan)

should be noted that the coantrol mode for the once~through boller
systems requires continuous operation of a throttling valve whereas no
control valve is required for the reclrculating boiler systems.

For comparison purposes, flow sheets for the SNAP-8 and the SNAP-50

R4

systems are shown in Figs. 7, 8, and 9. These were chosen from Aerojet-

General Corporation® and CANEL”’® reports.

Thermodynamic Cycle Calculations

Calculations for a set of thermodynamic cycles based on the con-
ditions of Table 1 are summarized in Table 2 to show the effects of
turbine inlet temperature, regenerative feed heating, and feed pump work
on the thermodynsmic cycle efficiency of the three basic cycles employed
in the systems of Figs. 1 through &. 1In addition, a set of calculations

for the MPRE has been included for reference purposes. In all cases,

S
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Table 2. Thermodynamic Cycle Calculations for Four Boiler Outlet Tempersatures
tep Number 1 2 3 L 5 6 7 8 9
N with Turoine Overalil Overall
Regen. Cycle Cycle Eff.-% Cycle
v/ BT, _d = .=
N Btu/1b E % (“gen. 86%) Eff.-%
Vap. from (with regen. (3% to F.P.) (No. regen.)
T-°F P-psia H-Btu/1b A\ -Btu/1b (n,=83%) Boiler feed heating)
—Btu/1b —Btu/ 1o

Boiler 2000 152 1223 759 759

Turbine 1385 14 1023 200 166 153

Condenser 1280 8.2 (83% qual.)— 717 597

Feed Heater 1900 20 120 20.15 16.80 15.75

Boiler 1850 130 i22l 766 766

Turbine 1345 11.8 1020 201 167 154

Condenser 1240 5.6 (83% qual.)- 723 606

Feed Heater 1850 117 117 20.10 16.80 15.8

Boiler 1850 93 1217 783 783

Turbine 1275 7.7 1012 205 170 158

Condenser 1170 4.0 (83% quai.)— 732 620

Feed Heater 1750 il2 112 20.13 15.80 15.85

Boiler Turbine 1540 29.5 io0kh 835 835

Turbine 1050 1.5 89 2315 178 167

Condenser oLo {83%-qual.)— Th7 655

Feed Heater 1440 92 92 20.0 16.7 16.0
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the absolute temperature drop throughn the turbine was taken as one-
quarter of the absolute temperature at the turbine inlet. Further, the
pressure loss belween the turbine outlet and the condenser inlet was
taken as equivalent to a 5°F drop in the saturation temperature, and an
extra enthalpy drop in the condenser eguivalent to 100°F of sub-cooling
of the liquid was included. TIn general, the calculations were consistent
with the design precepts presented at the beginning of this report and
sumearized in Table 1.

The first two columns of Table 2 give the temperature and pressure
at the outlet of each of the four major components in the system, i.e.,
the boiler, turbine, ccndenser, and feed heater. Column 3 gives the
enthalpy at the beginning and end of an isentropic expansion between the
boiler outlel and the turbine cutlet pressure. This was determined from

the Mollier diagram for potassium prepared by Naval Rescarch Laboratories.

10

Column U4 gives the enthalpy change for the Isentropic expansion of column 3,

while column 5 gives the changes in cnthalpy occurring in each component
for each of the cycles assuming a turbine efficiency of 83%. (While not
explicitly stated in CANEL Reports CNIM-(291,° CNIM-6292,° and CNIM-62937
of May 28, 1965, it can be deduced from these reports that the estimated
turbine efficiency for the SNAP-50 systems was about 83.5%.)

Note that all of the values in column 5 are given in Btu per pound
of vapor leaving the boiler. For example, since the vapor leaving the
turbine has a gquality of 83% in a1l four cycles, the enthalpy drop in
the condenser in each case was taken as 83% of the heat of vaporization
at the turbine outlet temperature plus 20 Btu to allow for 100°F of sub-
cooling. Similarly, the enthalpy rise in the boiler was taken as the
heat of vaporization at the boiler outlet pressure plus the heat reguired
to raise the feed liquid from the feed heater outlet temperature to the
boiler temperature.

A regenerative feed heater is advantageous for several reasons: 1)
it will serve to reduce the size of the condenser by about 8%, 2) it re-
duces the thermal stresses in the region where the feed stream enters the
boiler, and 3) it will reduce the tendency toward flow instabilities in
the boiler. In carrying out the calculations made to allow for the ef-

fects of regenerative feed heating, it was assumed that there would be
5

L)
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four vapor bleed points from the main turbine, and that sufficient vapor
would be bled from these points to raise the feed temperature to 100°F
below the boiler temperature. A temperature difference of 50°F across
the regenerative feed heater was assumed. The total vapor bleed flow
fraction was taken as equal to the rabio of the enthalpy rise in the feed
heater to the enthalpy drop for the condenser given in column 5. Since,
on the average, half of the work that would be obtained if this vapor
passed all the way through the turbine will be obtained from the fraction
bled to the feed heater prior to the bleed point, the enthalpy drop in the
turbine with regenerative feed heating was reduced by a factor equal to
nalf of the bleed-flow fraction. To obtain the value given in column 6,
the enthalpy drop in the condenser was also reduced by the enthalpy rise
in the feed heater in going from column 5 to column 6.

In calculating the efficiency Tor Jjust the thermodynamic cycle with
regenerative feed heating, but with no allowance for the work required
Tor the feed pump, the turbine cycle efficiency was obtained simply by
dividing the enthalpy drop in the turbine as given in column 6 by the
enthalpy rise in the boiler to give the values presented in column 7.

The overall efficiency of the thermodynamic cycle without reference to
possible pumping power requirements for other loops is given in column 8.
This involves taking the turbine cycle efficiency of column 7, multiplying
it by the generator efficiency of 86%, and dividing it by 1.03 to allow
for the loss of vapor flow to a free-turbine-driven boiler feed pump.

In practice, the vapor discharge from the boiler feed pump would go to
the regenerative feed heater, so that it would reduce the amount of
vapor bled from the main turbine, but no advantage was taken of this
small Tactor in calculating the cycle efficiency. Several other small
effects of this character were also neglected, e.g., the pumping power
requirements for the jet pumps.

The overall cycle efficiency that would be obtalned if a regenerative
Feed heater were not employed was calculated to give the values in column
9. The calculations werc similar to those of columng 7 and 8 except that
the gross turbine cycle efficiency was obtained by dividing the turbine
enthalpy drop of column 5 by the sum of the enthalpy rises in the Teed

heater and the boller asg given in column 5. Note that the overall cycle
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efficiency 1s about one percentage point lower withoul regenerative feed
heating for = change of about 6%. A more important effect is that the
heat load on the ccondenser 1s markedly reduced, as can be seen from the
change in the enthalpy drop in the condenser. Of course, the latter
change over-states the advantage of regenerative feed heating, since a
correction must be applied to allow for the reduced enthalpy drop in
the turbine that results from bleeding vapor to a regenerative feed heater.
After allowing for this, 1t appears that use of regenerative feed heating
will reduce the size of the condenser by avout 8%.

The principal equations used in carrying out the calculaticns sre

sumrarized in Table 3. The effects of pumping power on the overall cycle

efficiency of vthe varicus systems a2re discussed in a later section.




Table 3. Equations for Table 2

)

Column 5
Boiler AE = (neat of vaporization) + {iiguid <, x 100)
Turbine AH = 0.83 x AH,

AT

Condenser AH = (neet of vaporization at turbine outlet){vapor quality for 83% turbine efficiency)

Column 6:
/OH

Turbine AN with feed heating = (turbine AHaC)[l — 0.5 {vapor flow fraction to feed heater)]

Vapor flow fraction to feed heater = AH

feed heater condenser

)
Condenser AH with fead heating = (condenser LB of Col. 5) — (feed heater AH)

Coiumn 7

Turbine cycle efficiency with regenerative feed heating = (turbine AH)/(boiler NH)

Column 8:
“- S i , o a . .86 , . - .
Overall cycle efficiency with regenerative feed heating = 3 33 {Turbine cycle efflclency)
. J
Column ©:
‘ . 0.86 (turbine AH of Col. 5)
Overall cycle efficiency without regenerative feed heating = — - —
J J s S T 1.03 {ooiler AH)+{feed heater AH)

6c
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2. PROPORTIONS, SIZE, AND WEIGHT OF MAJOR COMPONENTS

This section is concerned with the estimation of the size and weight
of each of the major components for the 1-, 2-, and 3-loocp systems of
Figs. 1 through 6 using a consistent set of design conditions, and using
the results to estimate the effects of design power outpul on the size
and weight of the integrated power plants. The component proportiocons
have been developed from the thermodynamic cycle data of Table 2 in ac-
ccrdance with the design precepts set forth at the beginning of the
preceding sectlon. Welghts Tor the radiators, boilers, and some of the
other components have been estimated from design studies. Welghts for
the Turbine-generator, electric motor driven pumps, accumulatcrs, and
certain other components were based on estimates given in CANEL reports.
Scaling factors were used for the latter where there were significant

differences in such parameters as the pumping horsepower.

Effects of System Choice on Radiator Size and Pumping Losses

The radiator deserves a great deal of attention in a study such as
this because it 1s by far the largest component in the power plant, and

n
largely determines the size and cost of the launch vehicle reguired. In
comparing the relative radiator sizes and pumping ilosses for the 1-, 2-,
and 3-locp systems of Figs. 1 through 6, it seemed best to take the 2-loop
and 3-loop systems delineated in CANEL Reports CNLM-6291,5 CNLM—6292,6 and
CNIM-62937 of May 28, 1965 as a point of departure. The reactor thermal
power oubput was taken as 2.2 Mw in all cases (as in the CANEL reference
designs), and the calculations were carried out following the design pre-
cepts outlined in Table 1. The calculations are intended to
Just how much the radiator size must increase as the mean effective
radiator temperature drops with an increase in the number of lcops. The
increase in pumping losses can alsco be determined readily with a few ad-
ditional calculations. The pumping losses affect the radiator size both
because of their effects on cycle efficiency and their effects on the size
of the auxiliary radiator required. The calculations are summarized in

Table 4. A column for a scaled-up MPRE has also been included.
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Table 4. Summery of Factors Affecting the Radiator Sizes and Pumping losses for the Systems of Figs. 1 Through 6

(Data for two CANEL SNAP-50 systems and a scaled-up MPRE are alsc given.)

System SNAP-50 SNAP-50 1 2 3 4 5 6
2-1Loop 3-Loop Scaied- Single Loop Singie Loop 2-Loop, 2-Loop, 2-Loop, 3-Loop,
Direct Indirect Up with Boiler with Boiler Boiling Boiling Ligula- Liquid-
Condenser Condenser MPRE Jet Pump Centrifugal Reactor, Reactor, cooled cooled
Pump Direct Indirect Reactor, Reactor,
Condernser Condenser Direct Indirect
Condenser Condenser
Reactor outlet temp., °F 2000 2000 1540 2000 2000 2000 2000 2000 2000
Reactor inlet temp., °F 1900 1900 1520 1980 1980 1980 1980 1900 1900
Turbine inlet temp., °F 1850 1850 1540 2000 200C 1950 2000 1850 1850
Turbine outlet temp., °F 1274 1274 10ko 1385 1385 1335 1385 1275 275
Condenser inlet temp., °F 1254 1272 10ko 1385 1385 1335 1385 1275 1275
Condenser oublet temp., °F 1090 1090 1030 1375 1375 1325 1375 1265 1265
Radistor inlet temp., °F 1254 12k6 1040 1385 1385 1335 1350 1275 1240
Radiator outlet temp., °F 1090 1080 1030 1375 ) 1375 1325 1190 1265 1080
Reactor power output, Mw 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2
Overall cycle eff., % 146, 13.7, 16.7 16.8 16.6 16.8 16.8 6.1 15.3
Turbine eff., % 83.6 83.6 83 83 83 83 33 83 83
Generator eff., % 86 86 86 86 86 86 86 86 86
Generator gross output, kw 355 355 365 367 363 367 367 366 366
Generator net output, kw 322 302 365 367 363 367 3L3 335 317

Primary circuit overall

pump efficiency, % 43,5 L3.5 - --- ——- - - 48 L8
Primery circult pump povwer, kw i1.05 11.05 -—- -—- -—- -—- -—- 30 30
Boiler feed puxp overall eff., % Lo Lo 30 30 30 30 30 30 30
Boiler feed pump power, Kw 11.26 11.26 - -—- .- - ——- - -
Radiator circuit pump eff., % --- 36.5 -—- -—- -—- --- 36.5 ~—- 36.5
Radiator circuit pump power, kw --- 19.2 -——- --- - - 19.2 -—- 19.2
Aux. radiator heat lead, kw 91.6 106.8 60 60 80 60 75 69 8k
Aux. radiator inliet temp., °F 606 580 625 625 625 625 620 606 580
Aux. radiator outlet temp., °F 538 509 557 557 557 557 552 538 509
Power conv. rad. heat load, kw 3.6 L.6 0 0 0 0 1.8 2.8 L.6
Power conv. rad. temp., °F 200 200 - --- --- --- 200 200 200
Idesl black body Q/A for main % x

rad., Btu/hr-£t2 15,390 11,780 8,450 19,500 19,600 17,950 15,300 15,300 11,780
Relative gize of main rad. 1.55 2.15 2.33 1.0 1.01 1.092 1.35 1.39 1.92
Ideal black body G/A for aux., % %

rad., Btu/hr-ftZ 1850* 1650* 2070 2070 2070 2070 1970 1850 1650
Aux. rad. rel. size 0.6k4 0.89 0.32 0.32 0.32 0.32 0.47 0.48 0.70
laeal black body Q/A for power x *

conv. rad., Btu/hr-fi? 320 320, - - - - 320 320 320
Power conversion rad. rel. size O.l4§ O.Ql* -— -—— —-- - 0.08 0.13 0.21
Total rel. radistor area 2.3k 3.25, 2.65 1.32 1.33 1.43 1.90 2.00 2.83
Total radistor area, £t2 908 1260 1130 563 567 600 610 853 1207
Radiator height, ft 32.1 36.L4 35.8 i7.8 18. 9.1 25.7 27.1 38.3

(31.5) Lo

*
Calculated for the SNAP-50 systems on the same bases as were used for the other six systems.
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Relation to SNAP-50 Systems

The six systems of this study differed from the two SNAP-50 systems
in five important respects: 1) they include regenerative feed heating,
2) the boiler feed pump was driven by a free turbine rather than by an
electric motor, 3) the heat losses from the turbine to the generator were
assumed to be somewhat lower for reasons which will be discussed later,
4) the efficiency of the SNAP-50 turbine was between 1/2% and 1% higher
than for the reference design systems, and potassium rather than lithium
was used as the reactor coolant. The principal data for the thermodynamic
performance of the CANEL systems were taken from CANEL CNLM-5292° and
CNIM-6293,7 whereas that for the six systems of this study were taken

from the thermodynamic cycle data of Table 2.

Calculational Procedure

Only a few elements in the calculations in the first portion of the
table require any explanation. One of these is that, in system No. 3,
the condenser for the free-~turbine-driven pump in the reactor circuit
would serve as an upper stage of the feed heater in the main thermo-
dynamic cycle, and hence it would not represent a heat loss in the
system. Thus data for the second thermodynamic cycle of Table 2 can be
used without modification. A second point worthy of note is that the
extra pump work required in system No. 2 as compared to system No. 1 was
estimated to require a 4% rather than a 3% allowance Tor the vapor flow

to the free-turbine-driven feed pump.

Auxiliary Radiator Heat Load

The auxiliary radiator neat load 1s somewhat lower in the 2-loop
and 3-loop systems (Nos. 5 and 6) than in the corresponding SNAP-50
systems partly because the heat losses from the electric motor driven
boiler feed pump are eliminated and partly because improved thermal
isolation of the generator from the turbine appears to be both advan-

tageous and possible, and has been assumed.



Relative Radiator Sizes

In calculating the relative radiator sizes, the ideal black-body
heat flux was calculated for the operating temperature of each radiator
using system No. 1, the MPRE single-loop system, Tor reference purposes,
and assigning it a main radiator size of unity. The sizes of the
radiators for the other systems were then calculated by taking the ratio
of the ideal black-body heat flux for the radiatocr temperature of system
No. 1 to the corresponding value for the system in question. Additional
correction factors were applied using the values given in Table 2 for
the enthalpy drop in the condenser and the useful work obtained from the
turbine together with the ratio of the gross electrical output to the
net electrical output as given in Table L. (The equation used is given
in Table 5.) Similarly, the relative size of the auxiliary radiator was
calculated, again using the main radiator for system No. 1 as the
reference size and assigning it a value of unity. Note that the auxil-
iary radiator for system No. 1 is 32% of the size of the main radiator —
a rather surprisingly large value. Lt would have been even larger had

the heat loss from the SNAP-50 generator been employed.

Radiator. for Power Conversion Eguipment

Virtually all of the output of the power conversion eguipment in
the two SNAP-50 gystems goes to drive the clectric motor driven pumps.
Elimination of these pumps essentially eliminates the need for the power
conversion system together with the radiator required to cool it. Thus

systems No. 1 through 4 require no power conversion radiator.

Total Radiator Height

The total radiator surface area required for each of the various
systems relative to the size of the main radiator for the single loop
reference design boiling potassium reactor system is shown in the third
from the last line of Table 4. The somewhat larger radiator sizes for
the two SNAP-50 loops as cempared to those for systems No. 5 and 6 of
this study stem mainly from the lack of regenerative feed heating and a

free-turbine-driven boiller feed pump in the SNAP-50 systems.
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The last line of Table 4 gives the height of the full set of
radiators required for each of the systems assuming that the raaiators
would be in the form of 10-ft-diam cylinders stacked one above the other.
In estimating the radiator height, the radiator projected area require
was calculated as indicated in Table 5 assuming the axially finned tube
and reflecter construction employed in the MPRE and discussed in detail
in the next section. WNote that the overall height of the radiator stack
can be reduced by 2 1/2 Tt by making use of a disc-shaped radiator sur-
face across the one copen end of the cylinder for a portion of the auxil-
lary radiator.

The values for the radiator heights of the CANEL 2-loop and 3-loop
systems are 32.1 ft and 36.4 ft, respectively, whereas the design precepis

respectively. A

.
2

used in this study led tc values of 28.8 ft and 40 ft
review of the calculatlions and the information available indicates that
the basic fin-tube module must have been substantially different in the

two CANEL designs, and that this gave widely different fin efficiencies.

Radiator Tube, Fin, and Armor Configurations
2 2

There now seems To be general agreement that the radiator of a
nuclear space pover plant should be designed to conform to the envelope
of the launch vehicle and contribute fTo it structurally. This implies
that it should be a cylindrical or conical shell with the tubes parallel
to the axis. To simplify the comparisons =z cylindrical construction has

been assumed throughout for the purposes of this study-.

Form of Meteoroid Armor

The three principal ways of arranging the tubes, fins, and armor
that have been seriously considered in recent years are shown in Fig. 10.
No meteoroid armor is reguired on the back sides of the tubes because the
portion of the radiator on the opposite side coupled with closures at the
ends will act as a bumper and protect it. A hypervelocity projectile is
fragmented or vaporized in passing through even a thin sheet, and would

be dispersed into a cloud by the time it had passed a foot or more beyond




Teble 5. BEguations Used in Preparing Table L

- - . . (Q/A>1 (AH COH&)n (Aﬁtur>l /gross electrical outputb
Rel. size of main rad:iator = X X X i —T cloctrical outout
IS ! AT - nev cLelvu BT
\Q/A)n \Amcond>l (Ahtur>n ! -
(Q/A) (heat load)aux (net output)“
Rel. size of auxiliiary radiator = L x X =
. / N -
(Q/A)aux {heat load,l (net output)n
W
O
M _ e
(Mair radistor neat iload) = i&? cond | 2 2 = 173 xv
1 & Lboiler}
ot roiected imed = 1735 x 3413 - L 2
Redistor projected area required = 5800 % 053 x 0.08 x 0.93 26 ft

For 10-ft-dism, height = 13.5 ft
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Figure 10. Three typical tube-fin-armor configurations for
radlators for space vehicles.



a fip or reflector that would act in this fashion. While configuration A
at the top has been used in many design studies, this meteorold armor

geometry provides only partial probection because the meteoroid flux is

4

izotropic, and mebeoroids are as likely to strike at an acute angle to
the radiator surface ap They are Lo come in normal to the radiator

-

envelope. 1In tne event of

-1

an obligue impact, the fin is teoo close to
the tube to be very effective as a bumper. Further, the crater depth

sulting from an impact ig essentially independent of the angle of

incidence down to angles of about 12 deg. In view of these factors, the

geometbry should be similar to that shown in configurations B or C.

Fabrication and Thermal Stress Problems

Contigurations A and B have the advantage that they are conventional
and, on the surface, are easy bto analyze structurally. Actually, under
ooerating conditions, deviatlons from ideality In the coolant flow and
temperature distribution can lead Lo serilous thermal stresses and warping.
Further, large panels of this typs are difflcult to fabricate siuce they
are difflicult to jig, and swall amounts of distortion duanv brazing will
lead to a poor bond between the fins and the tubes.

Configuration C with the reflector is unconventional, out avolds the
avove problems. A unit of this type (10 ft in diam and 14 £t in ﬂL-Ohf>
has veen bullt, and is shown in Fig. 11. The brazed joints are excellent,
and the structure lg clearly strong and =tiff. Not only can good brazed
joints be obtained, out tapered fins cao be used readily, thus reducing
the weight. The fubes are sufficiently flexivle to accommodate dif-
ferential thermal expansion by columa ouckling, yet stiff enough so that
when bonded by polyurethane foam to the reflector and a windshield Tormed
by closing the shutters they will form a strong, vibration-resistant

st

weture for launching. The foam would vaporize during start-up in orbit.

Effects of Tube Spacing on Radlator Weight

The most important characteristic of configuration C, at the bottom

of Fig. 10, iz that it gives a much lower welght than the other two by

o]

I -1,

making the rear surfaces of the fins nearly as effective as the front.



PHOTO 82123

Figure 11. Full-scale MPRE radiator.
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Since the fin weight varies as the sguare of the fin height for a given
heat flux and fin efficiency, the fin and armor weight for a given tube
diameter and tube spacing are much lower for the reflector arrangement
than for the other two. Of course, the minimum value for the sum of fin
and armor weights is obtained with a closer tube spacing for the upper
two configurations of ¥Fig. 10 than for that with the reflector. The ef-
fects of tube spacing on the weight cof configurations B and C of Fig. 10
are shown in Fig. 12. Note that the minimum radiator surface weight ob-
tainable with configuration C is about half that for configuration R.
The calculations for Fig. 12 were made for the same heat flux from the
radiator envelope, the same tube diemeter, the same fluid temperature in
the tubes, and the same probability for meteoroid penetration in both
cases. The detailed calculations are summarized in Table 6. The
reference design conditions were those for the radiator specified by the

right column in Table 7.

Fadiator Weight Estimates

In estimating the radiator welghts for the systems of Figs. 1 through
6, the axially finned tube-and-reflector configuration of Fig. 10-c (that
being tested extensively in the MPRE Program)ll was used for both the
direct condensing radiators and for the radiators in the 1liquid circuits
for the indirect condensers and for the auxiliary coolers. Tapered tubes
were employed for the direct condensing radiators, while straight tubes
with a bore of 0.2 in. were employed for the all-liquild systems. While
smaller tube diameters might have been used in the direct radiators at
the expense of somewhat higher pressure drops and increased pumping power,
there is little point in reducing the tube diameter below about 0.20 in.
since the vulnerable area is a function of the tube 0D and, for the
smaller tube diameters, this is more a function of armor thickness than
of the tube ID. NaK was the coolant assumed for the systems with indirect
condensers and for the auxiliary coolers of systems 4 and 6; liquid
potassium was assumed for the auxiliary radiators for systems 1, 2, 3, and

5. To simplify the analyses, the total fin span was held constant and the
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weight per square foot of surface area of the radiator envelope.
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Table 6. Effects of Tube Spacing on the Radiator Weight
for Configurations B and C of Fig. 10

T = 1380°F; e = 0.92; Fin + tube efficiency = 0.773;

Tube ID = 0.38 in.; Fin T = b (%) copper fins

Configuration B

Tube centerline spacing, in.
Relative vulnerable area

Armor thickness, in.

Armor weight, 1b/ft

Armor weight, 1b/ft® (total surface)
Fin height, in.

Fin efficiency, %

Fin root thickness, in.

Fin weight, 1b/ft% (total surface)
Weight of rear portion of tubes, 1b/ft<
Total weight, ib/ft®

)
67
246
.63
7.82
1.03
2.5
0.027
0.572
0.36
8.75

= O =

Configuration C

Tube centerline spacing, in.
Relative vulnerable area

Armor thickness, in.

Armor weight, 1b/ft

Armor weight, 1b/ft® (tobtal surface)
Fin height, in.

Fin efficiency, %

Fin root thickness, in.

Fin weight, 1b/ft? (total surface)
Welght of rear portion of tubes, lb/ft2
Total weight, 1b/ftZ

4.0
1.0
0.217
1.37
h.15
0.615
6.8
0.025
0.67
0.21
5.03

3.0
1.36
0.23k
1.50
6.0
1.28
73.4
0.0hk
0.83
0.28
7.1

6.0
0.65
0.194
1.19
2.38
1.03
9.3
0.082
0.80
0.14
3.32

h.o
1.0
0.217
1.37
L.15
1.78
The3
0.090
1.48
0.21
5.84

8.0
0.46
0.176
1.03
1.54
1.45
80.0
0.173
1.60
0.10
3.24

6.0
0.65
0.194
1.19
2.38
2.78
5.2

< 0.228

3.5
0.14
6.02
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Table 7. Performance, Dimensional, and Weight Data for
Typical Condensing Radiators for Launch Packages

Power plant MPRE System 1 of Table 4
Power to be dissipated, kw 860 1735
Power to be dissipated, Btu/hr 2.93 x 10° 5.93 x 10°
Vapor temperature, °R 1500 1840
Tdeal dissipation to 520°R

sink, Btu/hr.ft® 8560 19,600
Emissivity of treated surface 0.92 0.92
Fin efficiency 0.86 0.80
Effectiveness of tube plus fin 0.89 0.83
Reflector efficiency 0.87 0.87
Area required, ft® 35 it
Height of cylinder for 10-ft-diam

vehicle, ft 14.0 13.6
Tube length, ft 7.0 6.8
Vapor density, 1b/ft° 0.0035 0.029
Latent heat of vaporization,

Btu/1b 887 8h3
Vapor quality, % 91.7 93
Potassium flow rate, 1lb/sec 1.0 2.1
Vapor volume flow rate, ft° 262 67.3
Vapor velocity at tube inlet,

ft/sec 400 ole)
Vapor flow passage area at tube

inlets, Tt% , 0.655 0.168
Number of tubes 96 95
Tube inlet Tlow passage area

per tube, ft2 0.0068 0.0017%
Tube inlet ID, in. 1.1 0.56
Liguid density at tube

outlet, 1b/ft> LL.0 b1,
Tube outlet liquid flow

rate, £t°/sec 0.0228 0.050k
Tube outlet ID, in. 0.30 0.30
Tube outlet area (per tube), ft2 0.00Lk9 0.00k9
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Table 7. (continued)

Tube outlet area (total), ft%

Tube outlet velocity,
ft/sec (for 1liquid)

¥in span, in.

Fin cross-section shape

0.408 w./n/kb for given fin
efficiency

Equivalent heat-transfer coef-
ficient, Btu/hr.ft%.°F

Mean fin height, in.
Fin root thickness, in.
Total length of tubing

Main radiator, ft
Auxiliary radiator, ft

Vulnerable surface area

Main radiator tubes, Ft2
Auxiliary radiator tubes,
Ring manifolds, ft2
Total, ft<

Probability of metecroid
penetratlion

Thickness of stainless steel
reguired, in.

Armor weight, main radiator
tubes, 1b

Auxiliary radiator tubes,
(0.2 in. ID), 1b

Manifolds, 1b
Total, lb
Weight of copper fins, 1b

Weight of 0.010-in.~thick
gluminum reflector, 1lb

Weight of 0.030-in.-wall tapered

stainless steel tuves, 1b (un-

armored portion)

g

0.060

0.38

3.2

b(x/w)2 t =
0.46

20.0

1.2

0.092

672

50 43.5
-=- 9.5
20 15

70 68
0.01 0.010
0.1 0.100
250 180
——— 30
100 60
350 270
290 470
100 100
80 50

0.060

0.8k
3.2

= b(x/w)2

0.58

Lo

1.3
0.155

650
190

0.001
0.176

360

110

530
470

100

50
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Table 7.

(continued)

Weight of radial vapor ducts
5.2 £t long, 0.0L0 in. thick, 1b
Weight of ring manifolds (un-
armored portion), 1b
Weight of inlet duct and hub, 1b
Weight of 0.010-in.-thick aluminum
shutters with operators, 1lb

Weight of 1.5-1b/ft° polyurethene
foam, 1b

Launch weight of main radiator, 1b

Net welght of main radistor after
vaporizing polyurethane, 1b
Area of auxiliary radiator, ftZ
Launch weight of auxiliary

radiator, 1b

95

35
50

100

100
1200

1100

50

20
30

100

100
1160

1060
136

274

50

20
30

100

100
1390

1290
136

304
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fin height allowed to vary with the tube diameter. This led to variations
in the fin height of only about *0.15 in. Figure 10 indicates that this
falls in the region in which the overall radiator weight is close to a
minimu and is not very sensitive to variastions in the fin height. To
facilitate brazing, copper fins were used, and — to minimize the fin
welght — the fin thickness was assumed to vary inversely as the square of

the distance from the fin root.

Effects of Vapor Density

The vapor density entering the radiator is a major factor in de-
termining not only the manifold size but the tube length-diameter ratio.
In going from a radiator inlet temperature of 10LO°F for the 1 Mw stain-
less shbeel MPRE system to 1380°F for *the refractory metal systems, the
density of the potassium vapor entering the condenser increases from
0.003% to 0.029 lb/fts, i.e., by a factor of 8.3. Tor the same veloclity
and power, the duct size can ve reduced by the factor ~/§T§“ = 2.88.
For the same fin span as employed in the MPRE radiator “ubss, al a radiator
temperature of 1380°F the heat loading per foot of length would be in-
creased by a factor of 2.32. Thus in proportioning the radiator tubes,
the tube length for the same inlet diameter can be increased by the
factor 8.3 divided by 2.32 equals 3.58. Thus a tube length of 25 ft
could be employed at the higher temperature for the same tube inlet dia-
meter, or the tube diameter could be reduced. Reducing the tube diameter
would reduce the area vulnerable to penetration by meteoroids, but this
would be partially offset by some increase in the number of manifolds re-

guired for the shorter tubes, and hence in their vulnerable area.

Detailed Calculations

In making a detsiled weight estimate for the radiator for system 1,
a set of calculations similar to those carried out for the MPRE radiator
was prepared. Table 7 shows these calculations together with the cor-
responding values for the MPRE radiator for comparison purposes. Note
that 1t was decided to base the meteoroid armor thickness required on the

combined vulnerable surface area of the main and auxiliary radiators.
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Note that when a 1380°F main radiator is employed with a 600°F auxiliary
radiator, the auxiliary radiator comes to represent about 30% of the total
radiator surface area instead of only about 10% as is the case if the main
radiator temperature is 1040°F. Allowances for the auxiliary radiator
were not made in the calculations for the meteoroid armor thickness for
the MPRE, since 1t represented a relatively small secondary effect which

was not important in the original work.

Manifold and Duct Weight

The manifold and duct welght constitute a substantial fraction of
the total radiator weight, and hence should be estimated with allowances
for the effects of vapor density as indicated in the previous section.

In caleculating the manifold welights for the NaK radiators of the indirect
systems, the manifolds and pipes were designed for a NaK velocity of

14 ft/sec to keep the pressure loss in the ducts and manifolds to about

10 psi. This gave radial duct and ring manifold diameters of about 1 in.
The manifold rings were made uniform in diameter all around the perimeter
of the radiator envelope because, while fluid pressure drop considerations
would have permitted tapering to a smaller diameter at the midpoints be-
tween the radial ducts, the structural strength of the assembly would

have been seriously reduced. Extra weight in suxiliary structure would
then have been reguired so that little, if any, savings in overall welght
wonld have resulted. The smaller size of the liguid manifolds led to a
12% reduction in the weight and vulnersble surface area of the ring mani-
folds for the NaK radiators relative to direct condensers for the same
output. Reducing the tube diameter led to a reduction in tube and armor
weight for the NaK radiators. The smaller tubes gave an increased fin
height which tended to increase the fin weight, bubt this was more than
offset by the reduction in fin thickness asgoclated with the lower heat
flux. Structural considerations make it inadvisable to reduce the Tin
thickness tco far, hence the radiator weight without armor was estimated

to be 90% of the main radiator weight per unit of area.



Meteorold Armor Thickness

Several different approaches to the estimation of the thickness of
armor required to protect from metecroids have been employed. The method
used for MPRE work has been based on information presented in Refs. 11
and 12 as outlined in Ref. 13. This method was chosen for the purposes
of this study, and the chart of Fig. 13 was prepared. The values given
by this chart are within 14% of those given by the most recent relations
developed by the NASA Lewis Laboratory.% The values are also within 20%
of the values used by CANEL in their SNAP-50 work {see CNIM-56293,

p. 6-3-1) and for the SNAP-8 system (see NASA Specification No. L17-5).
The meteoroid armor was assumed to be integral with the tube wall and
extend around 180 deg of the tube perimeter. Figure 14 gives the weight
of thick-walled tubing as functions of the ID and wall thickness. The
weight of the armor was taken simply as half of the walue given in Fig. 14
for a tube of a given ID and having a thickness egual to that of the

armor required. Values for the weight of the unarmored rear half of the

tube are also included in Table 7.

Radiator Weight

Analyses indicated that, except for the weight of the armor, the
radiator weilght 1s directly proportional to the projected area. On this
basis, the welght estimates of Table 7 were extended and Table 8 was pre-
pared to summarize the radiator weight calculations for systems No. 1
through 6. Values for the relative main radiator size, relative auxiliary
radiator size, and total radiator area were taken from Table U4 and then
corrections were made to the weight for the tube diameter. The vulnerable
area was laken as being ﬂ/2 times the OD of the armored portion of the
tube multiplied by the total number of feet of tubing. The armor thick-
ness was determined first, and then its weight. The detailed expressions

used in the calculations are shown in Table 9.

*
As indicated by personal discussions with 5. Lieblein, J. Loeffler,
and N. Clough in December 1965.
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Table 8. Calculations for the Meteoroid Armor Weight
System 1 2 3 I 5 6
Single Loop Single Loop 2-Loop 2-Loop 2-Loop 3-Loop
with with Boiler Boiling Reactor, Boiling Reactor, Ligquid-Cooled Liguid-Cooled
Boiler Centrifugal Direct Indirect Reactor, Direct Reactor, Indirect
Jet Pump Pump Condenser Cordenser Condenser Condenser

Probability of Penstration 0.01 0.001 0.01 0.001 0.01 0.001 0.1 0.01 0.001 0.1 0.001 0.1 0.01 0.001

in 10,000 hr
Relative main radiator size 1.00 1.01 1.092 1.35 1.39 1.92
Relative auxiliary radiator size 0.32 0.32 0.32 0.55 0.51 0.91
Total radiator relative area 1.32 1.33 1.41 1.90 2.00 2.83
Total radiator area, ft% 563 567 600 810 §53 1207
Meteoroid armor thickness, in. 0.10 0.176 0.10 0.177 0.101 0.180 0.061  0.109 0.194 0.107 0.192 0.066 0.118 0.210
Meteoroid armor weight, main 240 L70 2hp 473 265 525 63 210 Lp0 356 712 183 325 eLp
Meteoroid armor weight, auxiliary 30 60 30 50 30 51 32 57 119 6L 139 61 108 218
Main radiator (except armor

and radial ducts), 1b 840 840 846 846 916 91 1132 1132 1132 1108 1108 1520 152C 1520
Total main radiator (except

radial ducts), 1b 1080 1310 1088 1319 1181 1hil 1195 1342 1552 1kl 1820 1703 18L5 2162
Auxiliary radiator (except armor), 1b olily ohl oLl ohl oLl ol 438 438 438 387 387 624 6ok 624
Total auxiliary radiator, 1b 274 304 274 304 27k 305 470 495 557 L5 526 685 732 8L
Total radiator weight {except

radial ducts), 1b 1354 161k 1362 1323 1455 1746 1665 1837 2109 1915 2346 2388 2577 300k
Weight of radial ducts and hub, 1b 80 80 80 80 85 85 49 L9 49 96 96 60 60 60
Total radiator weight with ducts A

and hub, 1b 1434 1694 144 1703 1550 1831 171k 1886 2158 2011 Lo 2448 263 3064




Table 9. Relations Used in Caleculating Table 8

Armor thickness taken from Fig. 13 for a vulaerable asrea = 63 (Rel., area)

Armor weight in pounds per foot of‘tube is half of the value for the weight
of thick-walled tubes given in Fig. 14

Meteoroid earmor weight = 650 (Rel. area) (Armor wt., 1b/ft)
Main radiator weight (except srmor and ducts) = 840 {Rel. area)
Auxillary radiator weight (except armor) = 760 (Rel. ares)
Weight of ducts and hud {condensing radiator) = 80 (Rel. area)

Weight of ducts and hub (indirect radiator) = 36 (Rel. area)

T6
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Auxiliary Radiator Construction

While a somewhat lighter construction might have been employed for
the auxiliary radiators because of their lower temperatures, this would
have been likely to lead to complications including a requirement for
additional structure so that the savings in net overall weight including
structure would probably have been minor, and hence a refinement such as
this was not made. Tor example, if aluminum fins were employed for the
auxiliary radiator of system No. 1, a savings of approximately 40 1b
might have been effected at the price of a much more difficult fabri-
cation problem (it is very hard to cbtain a sound brazed joint between
aluminum and stainless steel). Further, differential thermal expansion
between the twe materials would be likely to lead to bowing of the tubes

and possibly other damsge.

Effects of Power on the Proportions of Direct Condensing Radiators

The effects of reactor design output on the size of the principal
elements of direct condensing radiators for the single-loop system of
Fig. 1 were estimated for three representative reactor outputs and the
resuits are summarized in Table 10. Cylindrical banks of tubes were as-
sumed in all cases so that the vapor manifolds would be essentially
similar. While two banks of tubes could be used for the 25 Mw(t) size,
the resulting tube inlet diameter of 1.1 in. 1is a bit large and would
nearly double the weight of the meteoroid armor as compared with a con-

flguration employing four instead of two banks of tubes. As a consequence,

a second case was worked out for a four bank tube array.

Shell-and~Tube Condensers

A good set of proportions for shell and tube condensers for systems
with separate NaK radiator circuits appears to ve given by using tapered
tubes similar to those of the direct condensing radiators described above.
The smaller the tube diameter, the smaller and lighter the condenser but

the greater the number of tube-to-header joints. A good compromise that
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Table 10. Proportions for a Series of
Direct Condensing Rsdiators

Reactor Power, Mw (t)

2.2 5 10 25 25

Radiator inlet temperature, °F 1,380 1,380 1,380 1,380 1,380
Potassium vapor density, lb/ft3 0.029 0.029 0.029 0.022 0.029

Tube inlet ID, in. 0.56 0.68 0.78 1.1 0.75
Tibe outlet ID, in. 0.30 0.30 0.30 0.k 0.30
Tube length, £t 6.8 9.6 12 2k 12
Radiator dismeter, ft 10.0 15.3 26.5 33 33
Radiator height, ft 13.6 19.2 2k 4848
Number of radial ducts 12 12 24 2b 48
Radial duct diameter, in. 1.85 3.1 4.3 6 4.3
Mean tube OD, in. 0.44 0.55 0.60 0.8 0.6
Reflector span, in. T7.75  7.13  7.25  7.75  7.75
Number of tubes 96 161 280 312 62k
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gives reasonably sturdy tubes is given by a tube inlet ID of 0.50 in. with
a taper ratio of 3 (for the inside diameter). The average condensing
heat transfer coefficient was taken as 6000 Btu/hr~ft2w°F. The tuve wall
thickness was taken as 0.030 in. to give a unit of high integrity. These
parameters yield an overall heat transfer coefficient of 2500 Btu/hr—
ftZ-°F and a heat flux of 200,000 Btu/hr«ft2- The temperature rise

in the NaK in passing through the shell-and-tube heat exchanger was taken
as 160°F in keeping with the values used by CANEL for the SNAP-50 system.
Tn establishing the diameter of the heat exchanger shells, the spacing
between the tubes was made 1/8 in. to give sufficient ligament thickness
between holes in the header sheets to provide good conditions for welding.
In view of the low pressures and temperatures in the heat exchanger, the
shell wall thickness was made 0.10 in. in the units for the 25 Mw(t)
reactcrs, and 0.060 in. in the smaller units. Dimensional and weight

data for a series of typical units are presented in Table 11.

Table 11. Shell-and-Tube Condensers

Reactor Power, Mw(t)

1 2.3 5 25

Surface heat flux, Btu/hr"ft2 120,000 200,000 200,000 200,000
Potassium vapor temp., °F 1040 1380 1380 1380
Potasgium vapor density,

1b/ £t 0.0035  0.029 0.029  0.029
Tube inlet ID, in. 0.60 0.60 0.60 0.60
Tube length, ft 2.0 3.3 3.3 3.3
Number of condensers b L L b
Number of tubes per condenser 189 53 11L 570
Shell diam at vapor inlet, in. 13 ) 10.5 22.0
Shell diam at condensate outlet,

in. 6.5 L 5.5 11
Shell thickness, in. 0.060 0.060 0.060 0.100
NaK inlet temperature, °F 850 1190 1190 1190
Nak outlet temperature, °F 1010 1350 1350 1350
Condenser wt. (dry), 1b/unit 80 50 100 500
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Boilers

In designing a boiler for the 2-loop boiling reactor system of .
Fig. 3, an effort was made to make the boiler an integral part of the
shield so that the mass of metal in the tubes and casing would also
gserve as gamms shielding. This led to the compact layout of Fig. 15
whlch has the further advantage that fission products from a leaking
fuel element would be kept within the shield. To inhibit the production
of secondary gammas in the metal of the boiler, neutron shielding with
sufficient boron absorber to capture the slowed down neutrons has been
provided between the reactor and the boiler to reduce the secondary
gamma production to an acceptable level. The boller itself was designed
with tapered tubes similar to those employed in the shell-and-tube con-
densers, but with two-thirds of their length. The tapered tubes reduce
the boller tube length as well as both the two-phase pressure drop in
the boiler tubes and the ltendency toward droplet entraimment, and the
taper should improve the boiling flow stability characleristics. The
liguid manifold shown is a LO-in.-diam ring at the outer perimeter, while
the vapor manifold is a truncated cone at the center. The tube spacing
and arrangement are such that the shell-side flow passage area and the
passage equivalent diameter become less at the outer perimeter so that
under zerc-g conditions caplllary forces would tend to draw the con-
densate toward the outer perimeter. The tubes are bent to form a spiral,
so that their length would be about double the radial distance between
the liquid and vapor manifolds. All of the tubes would be the same
length. The free-turbine-driven boiler recirculating pump would be
supplied with vapor taken from the space just beneath the center of the
conical vapor manifold. The shielding plugs between the reactor and the
boiler would be formed in such a way that they would alsc act as a vapor
separator so that the bulk of the liquild leaving the reactor would be
skimmed off and collected in catcher annuliil from which it would be
circulated directly to the pump, thus reducing the two-phase pressure
drop on the shell-side of the bhoiler tubes. I desirved, orifices could
be installed in the boller tubes immediately downstream of the liquid

manifold to stabilize the flow under boiling conditions and to serve as
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Figure 15. Reactor and boller assembly for a system with a
boiling potassium-cooled reactor closely coupled to the once-through
boiller of [figure 3.
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nucleation sites. The vapor discharged from the free-turbine-driven
pump would be condensed in a small shell-and-tube condenser that would
serve as an upper stage of the regenerative boiler feed heater system.

One reason for tapering the boiler tubes is to reduce the wvapor
veloclity sufficlently so that it will not tend to induce waves in the
liguid film traveling over the boiler tube surface and tear droplets
off the top of the waves. Thus the bulk of the liguid will move through
the boiler tubes in an annular film and continue to do so up to very high
gualities so that there will be very little liguid in mist form (which
makes it difficult to evaporate).

Barffles would be arranged near the outer perimeter on the shell
side of the Dboiler to provide adequate flow passage area for the liquid
to be returned to the boiler recirculating pump. The liguid passages
would be so designed that the smallest passages in the reactor system
would lie within the reactor core, and hence caplllary forces would tend
to cause the liguid to accumulate there first if the system were stopped.

The dimensional and weight data for the boiler portion of the as-
sembly are given in Table 12. Note that presgsure stresses make it
necessary to employ a rather thick and heavy shell for the boiler. Since
this mass of material is also effective as gamma shielding, only a portion
of 1t should ve charged to the boiler.

It appears that the configuration of Fig. 15 is also well suited to
ligquid~cooled reactors. The prinecipal difference would be that an
electric motor-driven clrculating pump would be required, and this
probably should be located well out in the shield to get it into a field
of low radiation intensity to reduce the pogsibility of ionization and
corona discharge in the field windings. The weight of the boiler should

be about the same as for the boiling reactor of Fig. 15.

Turbine-Generator Units

Using the AiResearch turbine-generator unit laid out for the SNAP-50
power plant as a point of departure, envelope dimensions were estimated

for the four power plants under study. The determining factor other than

-
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power 1in scaling the Turbine appears to be the vapor density leaving the
turbine since the actual vapor velocity will be essentially independent

of turbine-generator size, and the guantity of vapor that can Tlow through
a casing will increase as the square of the casing diameter.

Efforts to scale up the generator may pose difficult problems with
the bore seal. For this reason it was decided not to attempt to scale up
the turbine generator unit beyond 1 Mw of electrical output, but rather
to install a multiplicity of turbine-generators. An obvious step was to
retain the sextant symmetry of the MPRE radiator and employ six turbine-
generator units. By clustering them with the generators close to the
center of the launch package, it is believed that these units can be made
to contribute substantially to the gamma shielding over the top of the
reactor. Proportions egtimated for the turbine-generators are given in

Table 13.

Size and Weight of Integrated Power Plants

The size and weight of each of a series of power plants was cstimated
for electrical outputs of 367 kw, 1 Mw, and 5 Mw for each of the systems
of Figs. 1 through 6. The data of Tables 4, 8, 10, 11, and 12 together
with Refs. 14 and 15 served as the basis for the estimates.

Configurations were roughed out for several single-loop systems of
up to 5 Mw of electrical output using the MPRE reference design for a
launch package as the point of departure. In estimating the relative
size and weight of the variocus 1-, 2-, and 3-loop systems of Figs. 1
through 6, it seemed best to make use of the 2.2 Mw(t) output SNAP-50
reactor system as a point of departure. The electrical output from a
2.2 Mw reactor in a single-loop system was found in Table L to be 367 kw.
The other five systems were then scaled to maintain the same value for
the electrical output. Assuming reactor-shield-radiator configurations
similar to that used for the single-loop system, welghts were estimated
for the various components of each of the systems of Figs. 1 through 6

for a design output of 367 kw(e). The same basic procedure was then

afllifipnnu.
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Table 12. Dimensional and Performance Data for a Series of

Once-Through Boilers for the Reactor-Boiler
Configuration of Pig. 15

Thermal outpubt, Mw 2.2 5 25
Vapor density at exit, 1b/ft® 0.226 0.226 0.226 0.226
Vapor velocity at exit, ft/sec 50 50 50 50
Vapor flow rate, 1b/sec 2,72 6.19 10.2k 30.9
Vapor flow passage at exit, £t 0.24 0.55 0.91 2.75
Tube vapor outlet ID, in. 0.50 0.50 0.50 0.50
Tube vapor inlet ID, in. 0.30 0.30 0.30 0.30
Number of tubes 176 Loo 800 2000
Tube length, ft hoh Lok . by
Average heat flux, Btu/hr-fi2 85,000 85,000 85,000 85,000
Vapor header drum mean diam, in. o) 5.5 77 12.0
Vapor header drum height, in. 8 9 12 17
Boiler shell OD, in. Lo Lo Wi L9
Boiler shell internal height at outer 0.4 0.6 1.0 2.0
perimeter, in.
Weight of tubing, 1b 110 220 440 1100
Header drum thickness, in. 0.4 0.55 0.77 1.2
Welght of headers, 1b Q0 120 200 500
Shell thickness, in. 1.0 1.0 1.0 1.0
Shell weight, 1o 1100 1200 1300 1500

Table 13. Size and Weight of Turbine-Generators

Blectrical Output, kw 367 1000
Diameter, in. 15 20
Length, in. ho 72
Inlet pipe diameter, in. 3 5
Weight, 1b 825 2475
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applied to estimate weights for the larger output plants. Each of these

three steps 1in the work is discussed in a section below.

Power Plant Layouts

The dimensional data of Tables 10 and 13 together with data for the
reactor and shield from Refs. 14 and 15 were used to layout three single-
loop systems having design capacities of 367 kw, 1 Mw, and 5 Mw of
electrical output. Thege were prepared to give an idea of the proportions
that these power plants would have as well as the more important space
allocation problems involved in integrating the major components.

The same overall design considerations that led to the layout for
the 1 Mw(t) MPRE launch packagel6 favored the choice of an essentially
similar layout and set of proportions for the larger power plants.
figure 16 shows a set of layouts for single-locp systems designed to
deliver electrical outputs of 367 kw, 1 Mw, and 5 Mw. While the length-
diameter ratio of the radiators for the small launch packages could be
varied substantially within the envelope of any of several of the availl-
able launch vehicles, the diameter for the 5 Mw electrical output plant
was chosen to Tit in the largest vehicle available, the Saturn 5. This
fixed the maximun radiator diameter at 33 ft.

In preparing layouts for the radiators of the larger power plants,
particularly the largest, conslderation was given to the use of three
or four banks of tubes to make up the required total height. II two
banks of tubes were used, the tubes would have to ve 25.7 It long, a
large but not unreasonable length. Such long columns would reguire
intermediate stiffening rings to avoid buckling under the launch loads,
but these could readily be included in the form of aluminum rings in

back of the reflectors behind the tuves. The use of three banks of

[

7 ©t long tubes, or four vanks of 12.5 £t long tubes, would reduce the
area vulnerable to meteoroids and hence the armor weight at the expense
of some complication in the ducting for the potassium vapor and the con-
densate plumbing. Three-bank or four-cank radiators would be similar to
the two-bank configuration shown for the 5 Mw power plant except that

a larger number of smaller ring manifolds and radial ducts would be re-

gquired.
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In preparing the layout of Fig. 16 for the potassium vapor ducts
in the 5 Mw(e) power plant, structural consideration led to the choice
of 12 radial spokes to =ach of the ring manifolds. This was considered
necessary Lo stiffen the ring manifolds in view of the much larger ratio
of the diameter of the radiator envelope to the diameter of the tube
forming the ring manifold. As discussed in the section on generators,
six turbine-generator units were used in parallel with four ducts ex-
tending from each turbine (two ducts going to each ring manifold). By
linking the inboard ends of the generators together at a common point at
the center of the array (sce Fig. 16), =a strong structure for launching
is obtained with good flow of the loads from the turbine-generator units
out to the ring manifolds, and from the ring manifolds down through the
tubes To a wounting vring that would be installed at the base of the lower
tube bank. 7The tubes would be quite adequate to carry 10 g loads during

ﬁ'

launching operations if restrained Trom buckling by the stiffening ef-
fects obtainable by using polyurethane foam to bond the reflectors and
the outer shutters to the finned tubes, and adding some additional stif-
fening rings in back of the reflechtors. The polyurethane foam would
vaporize and disappear during a slow warmup in orbit with no residue.

The shields for the power plants of Fig. 16 were laid out on the
premise that the 367 kw(e) power plant would be used for unmanned probes
or satellites, whereas the larger power plants would be employed for
manned vehicles and hence would reguire substantially thicker shields.

Consideration was also given to maintenance problems including both
those associlated with ground testing and those that might be involved in
a manned space vehicle. Access to The power plant during reactor operation
would be desirable, but it does not appear to be either essential or
practicable. Access to the principal elements of the power plant other
than the reactor would certainly be required after shutdown during ground
tests to permit maintenance. To meet these malntenance requirements, the
shielding must be designed not only to attenuate the fission product decay
gammas but it must also reduce the activation of material outside the
shield to a level such that 1t will not interfere with maintenance activi-
ties. The neutron shielding as laid out for the power plants of Fig. 16

would be adeguate to keep activation of equipment outside the reactor to

e
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2 trivial level. However, the gamma shielding that would be installed
in a flight shield would not be adequate to permit direct access of
personnel to the vicinity of the reactor immediately after shutdown.

Access to equipment other than the reactor is alsc an important
consideration in the course of a reactor test. The small launch package
in Fig. 16 is so compact that access to components such as the turbine-
generator unit, the free-turbine-driven feed pump, the instrument pickups,
and the control drives would be difficult indeed. It was for this reason
that the power plant was separated into three packages for the MPRE ground
test unit. This separation would not be necessary for the larger power
plants in which the space between the reactor shield and the radiator is
much greater than in the reference design for a launch package version
of the MPRE.

With appropriate medifications to include the additional equipment
reguired, the basic layouts shown in Fig. 16 for the single-loop system
of Fig. 1 seemed well suited to the other five systems. For example,
the reactor-boiler assembly of Fig. 15 for the 2-loop system of Fig. 3
entalls littie change in the overall plant layouts. The same basic
reactor-boller configuration also serves well for the liquid-cooled
reactor systems of Figs. 5 and 6. This reactor-boiler-shield configu-
ration has the advantage that Tission products from leaking fuel elements
would be confined within the shield assembly so that their deposition in
the boiler would not increase the radiation dose to the crew.

The shell-and-tube condensers of the systems of Fig. 4 and Fig. 6
can be located immediately adjacent to the turbine-generator units to
minimize the length of vapor ducting reguired. This, too, has little
effect on the overall power plant layout. By far, the most Important
effect is the increased radistor size for the multi-loop systems; this
would be obtalned by increasing the radiator height while holding the
diameter constant.

The height of the launch package could be reduced by placing at
least a portion of the radiator for the auxiliary cooling system across
the ends of the launch package, as shown in Fig. 16. For the systems of
Figs. 1, 2, and 3, for which the heat load is fairly small, the area

available at the ends is aboul equal to that required to handle the



entire auxiliary heat load. For the other three systems, the auxiliary
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heat load is larger and the arca ab ends of the cylinder will not be
sufficient to dissipate all of the heat to be rejected from the auxiliary
cooling system. A% least a porticn of the auxiliary radiabtor would have
to lie on the cylindrical surface and sdd to the length of the powver
plant.

In all cases, the layouts provided that the reactor-shield assembly
would be supported by a sheet metal cone with its internal surface
polished to reflect the heat emitted from the shield to space. In all
instances, the heal generated in the shield by nuclesr radiation would
be conducted to the surface of the shield cither by beryllium rods or
by heat pipes. The related design problems are discussed in Ref. 15.

The latest CANEL layout for a 3-Jloop SNAP-50 power plant is shown
in Fig. 17 for convenience in ccmparing it with the layouts of Fig. 16.
The most important difference between it and Fig. 16 is the addition of
the side shielding for the reactors in Fig. 16, a change that makes it
possible to place the reactor and shield assembly inside the base of the
cylindrical radiator. This has the advanbage that it lowers the center
of gravity of the power plant assembly, reduces =<he structural weight,
reduces the coverall height of the assembly, and makes it possible to
check out the system immediately prior tc launch without having to
design the fluid systems so that they will operate under a minus l-g
condition because the system would be inverted on the launch pad. While
it is true that the CANEL lisyoub gives a lower shield weight for those
cases in which no side shield on the reactor 1s required, the more com-
pact installation and lower center of gravity of the layout of Fig. 16
reduces the structural weight, requirement sufficiently so that, at least
in some instances, the saving in structursl weight more than offsets the
added weight of material in the gside shield. Even if it did not, the
advantages of tThe more compacst power plant assembly in the large vehicle
design are likely to more than Justify the additional weight that may be

asscociated with the side shieliding for the reactor.
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Size and Weight of 367 kw(e) Power Plants

The data of Tables 4, 8, 10, 11, and 12 together with reactor weight
data from Ref. 1lU werec used to estimate the weight of the various com-
ponents of the six systems shown in Figs. 1 through 6. The weight esti-
mates are summarized in Table 14. Corresponding values for the SNAP-50
systems prepared by CANEL are presented in the first two columns. For
comparative purposes, values for a scaled-up MPRE (s stainless steel
single-loop system designed Tor a reactor outlet temperature of 1540°F)
are given in the third column. Except for the scaled-up MPRE, a1l of
the systems would be built of refractory metal and would employ a reactor
outlet temperature of 2000°F.

The weights of the major compornents for the systems of Figs. 1
through 6 were teken from Tables &, 11, 12, and 13, and from Ref. 1L
which provided the data for the reactor weights.

In systems 3, 5, and 6 with separate reactor cooling circuits, a
number of important points led to substantial differences in the weight
of the primary circuilt pump, accumulator, and piping as compared with the
values for the SNAP-50C systems. The use of potassium as a reactor coolant
in place of lithium led to three times the pumping power requirement for
systems 5 and 6. Placing the btoiler assembly close to the reactor, as
shown in Fig. 15, reduced the piping weight, particularly for system 3
which employs a free-turbine-driven circulating pump. Possible dif-
ficulties with the effects of radiation in the windings of the electric
motors made it seem best to place the electric-motor-driven circulating
pumps for systems 5 and 6 outside the shield, and this led to a greater
piping weight than would be required for the boiling reactor circuit of
system 3.

The weights of the shell and tube bollers given in Table 12 were
used in Teble 1L for systems 3, 5, and 6. While the configuration of
Fig. 15 was assumed, this entails a high casing weight which, since it
would be quite effective as geamma shielding, was not included in Table 1k.

The weight of the turbine generator was scaled from that for the
SNAP-50 unit assuming that the weight would be directly proporticnal to

the gross generator output. In addition, because of the lower vapor
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Table 14. OSummary of Estimated Weights for the 1-, 2-, and 3-Loop Systemg
of Figs. I Through 6 for a Net Electrical Output of 367 Kwe in Bach Case
(The reactor outlet temperature = 2000°F for all cases except for the scaled-up MPRE
System SNAP-50 SNAP-50 1 2 3 L 5 6
2-Loop 3-Loop Scaled-Up Single Loop Single Loop 2-Loop 2-Loop 2-Loop 3-Loop
Direct Indirect tainless with Boiller with Boiler Boiling Boiling Liquid- Ligquid-cooled
Condenser Condenser Steel Jet Pump Centrifugal Reactor, Reactor, Cooled Reactor,
MPRE Pump Direct Indirect Regctor, Indirect
Condenser Cordenser Direct Condenser
Corndenser
Reactor Outlet Temperature {2000°F) (2000°F ) (15Lo°®) {2000°F) (2000°F) (2000°F} {2000°F) {2000°F) (2000°F)
Reactor Circuit
Reactor 1800 1800 1270 1170 1190 1170 1220 1110 1130
Primary circuit pump 100 100 ~-- -——- -——- 30 ——-- 300 300
Primary circuit sccimulator 100 100 -—- - ———— 100 -—- 100 100
Primary circuit piping 184 18k - - ——— 100 -— 270 270
Thermodynamic Cycle
Boiler 200 200 - --- -—- 200 -—- 218 230
Turbine-generator 825 825 1025 825 825 825 870 900 956
Feed pump 100 100 30 30 Lo 30 30 30 30
Condensers -—- 200 _— -——- -—- -—- 210 -—-- 230
Accunulator 100 75 J— -— - 75 _— - 75
Piping and valves 560 200 475 300 330 300 316 260 320
Miscellaneous --- --- -— -—- -—-- --- --- - -
Main Radiator Circuilt
Main radiator (no armor) ; 1700 % 1250 1610 8Lo 846 91 1132 1108 1520
Meteoroid armor ) 10 470 L7k 525 210 712 325
Pumps Loo S - - --- Loo - LEo
Accumulators - 280 -—- - - - 280 - 280
Piping and valves - 286 - -——- - -— 286 -— 286
Auxilisry Radiator Circuilt
Rediator (no armor) } hic ) 450 ol 2hs oL5 ols 438 387 624
Meteoroid armor f 80 60 60 61 119 139 218
Structure, Electric Power
and Controls
tructure 400 400 280 160 160 170 230 240 320
Electric power suppiy to motors 215 300 - - - —— 115 185 320
Low temp. radiator system ice 125 --- --- -—- - -— -—- -—-
Controls and instrumentation 250 250 100 10C 100 i50 200 200 250
Total System 7250 7746 5725 4200 4260 L90o0 6070 6160 8250

*
Except for the SNAP-50 Systems.

e
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density for the scaled-up MPRE, the Turbine welight was increased by an
estimated 200 1b. No credit was taken for the weight saving that should
be made possible as a consequence of the increased vapor density entering
the turbine in systems 1 through L.

The weight of the feed pump was estimated from layout work which
used the MPRE boiler feed pump as the point of departure.l7 The bvasic
design for this free-turbine-driven pump unit has been subjected to over
1000 hr of water test work and about 2600 hr of testing with potassium.17
The weight of the electric motor-driven pumps was based on the CANEL pump
welght estimates with allowances Tor reductions in the specific weight
that should accrue from the increased pump efficiency in the larger flow
ranges.

The weight of the expansion tank for the thermodynamic cycle circuit
of systems 1, 2, and 4 was included in the estimate of the reactor weight.
The values used by CANEL for the SNAP-50 systems were employed for the
circuits of systems 3, 5, and &. If the piping is designed on the basis
of a coansilstent set of Tluid velocities and pressure drops, 1its weight
will increase with the reactor thermal power output, the length of the
lines, and — 1n the vapor plpes — the specific volume of the vapor. TIn
estimating the weight of the piping and valves for the thermodynamic
cycle circuits with direct condensers, the wecignt of the radial ducts
and hub was included. (This was obtained from the sccond last line on
Table 9.) The weight of the condensate return piping, the boiler feed
piping, the regenerative feed heater, the valves, and the jet pumps was
also included. 1In general, the vapor ducts for the direct condensing
systems gave a greater welghl per foot of duct than for the corresponding
indirect condensing systems, but this was largely compensated by the
effects of the greater fluld welght flow rates required in the systems
with the indirect condensers and the lower vapor specific volumes in the
pipes between the boiler and turbine, and between the turbine and the
condensers, as well as the higher thermal power outputs Tor the latter
systems.

The welghts for the main radiators and the meteorold armor were
taken from Table 10. The weight of the pumps, accunulators, piping, and

valves for the indirect radiator systems were taken from the SNAP-50 values

NG,
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for the 3-loop system with a correction for the higher thermsl output
required to give a net output of 367 kw(e).

The weight of the structure was taken as being directly proportional
to the overall height of the radiator system as given by Table U4 using
the CANEL estimates of structural weight for the 3-loop system as a
point of departure. The weight of the electrical power supply for the
electric-motor-driven pumps was taken as being directly proportional to
the pump power reguirements as given in Table 4. The low-temperature
radiator system welight was estimated in the same fashion. he welght
of controls and Instrumentation was scaled from the number of control
functions reguired as outlined later in this report. The sum of the
component welghts was then obtairned to give the total weight of the
system without the shield.

In appraising the values given in Table 14, it appears that the
only definite inconsistency is the relatively small difference in weight
between the 2- and 3-loop CANEL systems as compared to the substantially
larger difference in weight for systems 5 and 6 of this table. Much of
this appears to lie in the radiator which, in the CANEL estimates, is
450 1b lighter for the 3-loop system than for the 2-loop system, whereas
the calculations for systems 5 and 6 of Tsble 10 indicate the reverse
effect. A review of the detalled radiator weight estimates presented in
this report indicates that they are consistent, and that the CANEL
radiators were probably not designed on the basis of the same set of
premises. Most of the balance of tThe disparity between the CANEL and
subject weight estimates stems from the fact that the CANEL estimates
were for a constant reactor thermal output; allowance for the 7% difference
in net electrical output increases the difference in weight between the
two CANEL systems by about 500 1b.

It is interesting to compare the scaled-up stainless steel MPRE
system operating at 1540°F with the refractory metal systems operating
at temperatures of 2000°F. Table 1k clearly indicates thal the cost
of the materials development work associated with the refractory metal
systems has less Justification from the power plant size and weight stand-
point than the development costs associated with the special problems of

the boiling potassium reactor system.
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Size and Weight of Power Plants Tor Cutpuls of
367 kw(e), 1 Mw(e), and 5 Mw(e)

L

)

Fo
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wing the procedures outlined ia the previous sectlon, the data
of Table 14 were exterded Lo show the effects of system design output on
the relative size and weight of the various systems. The results are
summarized in Table 15. In estimating the effects of the increased size,
it was assumed that except for the reactor and the meteoroid armor, the
weight of the components would be directly proportional to the design
power output. The reactor weights were cbtained from Ref. LI, while the
meteoroid armor weight was obtained fcliowing the procedure cutlined in
the section on radlator weights. Note that the metecroia armor welight
increases much more rapidly than linsarly with design power cutput whereas

1

the reactor weight increases a' less than the linear rate.

In appraising Table 15 for consistency, 1t is 2 bilt surprising to
see that the boiling reactor weights for the single-loop system of
Fig. 1 are about 7% lower than the corresponding liguid-cooled reactor

weights for system No. 6 in spite of the fact that the boiling reactors

have a slightly greater diameter. Note, however, that the reactor thermal
output for the 3~lcop system of Fig. € is about 15% greater than that for
the slngle-loop system as a conseguerce of the extra pumping power re-
quirements. Use of a liguid-cocled cove raduces *the coolant volume
fractlion and diameter, but the weigh?t is greater because the greater
thermal output reguired for the game electrical cutput also requires a

congequence of fuel burnur limitations.

m

greater weight of UCs as

While the meteoroid armor weight is only about 10% of the power plant
weight For the 367 kw(e) systems, it is roughly 20% of the power plant
welght for the 5 Mw(e) systems. It is particularly interesting to note
that even by using smaller dlameter tubes in the indirect radiators and a
factor of 10 higher probability for meteorcid penetration, the meteoroid
armor weight for the 3-loop system is still about the same as the meteoroid
armor weight for the single-loop system.

Wrile the values given in Tables 14 and 15 represent estimates — the
absclute values are obviously debatable — it is believed that the relative
values are sound, and tast any reascnable modifications of the approach

used here would yield escgentially similar results.
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t Tabls 15. Summary of Size and Weight Data for a Series of 1-, 2-, and 3-Loop Systems

L

—

-

: System 1 2 3 > o
: Single Loop Singie Loop 2-Loop 2-1L00p 2-Loop 3-Loop
with with Bollier Boiling Reactor, Boiling Reactor, Ligquid-Cooled Ligquid-Cooled
Boiler Centrifugal Direct Indirect Reactor, Direct Reeactor, Indirect
Jet Pump Pump Condenser Cordenser Condenser Condencger
367 kw Net Blectrical Output
Reactor thermal output, Mw 2.20 2.22 2.20 2.32 2.40 2.55
Reactor core diam, in. i2.1 12.% 12.5 12.3 1%.0 ll.2q
Reactor weight, 1b 1170 1190 1170 1223 1130 1130
Radiator height for 10-ft-diam, ft 17.8 18.0 19.1 25.7 27.1 38.3
Radiator weight without armor, 1b 1164 1170 1245 1619 1591 220k
Meteoroid armor weight, 1b 530 533 586 327 851 543
Total system weight,* 1o L2090 4260 L900 6070 6160 8250
1 Mw Net Blectrical Output

Reactor thermal output, Mw 6.0 6.05 6.0 6.33 6.54 6.95
Reactor core diam, in. 16.9 16.9 16.9 17.2 15.5 15.8
Reactor weight, 1b 2360 2370 2360 2430 2200 2300
Reactor height for 16-ft-diam, ft 30.2 30.6 32.5 43.8 46.3 65.3
Radiator weight without armor, 1b 3170 3180 3390 hhic 1330 6000
Meteoroid armor weight, 1b 2020 2030 2240 1250 3250 2070
Total systenm weight,* 1b 11,180 11,240 13,280 15,970 16,850 22,300

i 5 Mw Net Electrical Output
Reactor thermal output, Mw 30.0 30.3 30.0 31.6 32.7 3k.75
Reactor core diam, irn. 28.9 29.0 28.9 2G.4 27.1 27.7

1 Reactor weight, 1b 7630 7690 7630 7870 7LLO 7800

1 Radiator height for 33-ft-diam, Tt 73 75 78 107 112 158
Radiator weight without armor, 1lb 15,800 15,900 16,900 22,000 21,600 30,000
Meteoroid armor weight, 1b 1k, 200 14, 300 15,700 8780 22,800 14,5600
Total system weight, 1b 55,850 56,490 66,750 78,260 86,360 111,900

*
Total power plant weight except shislding.



T2

Shielding Problems

S50 many factors influence the shield welght that these effects are
the subject of a separate report.® For the purposes of this report it
has seemed best to examine the six systems under study and compare them
from the shielding standpoint.

The most important factor influencing the shield weight ig the core
diameter. Table 15 shows that, for any given power plant electrical out-
put, the reactor core dlameters for the six different systems differ by
only about an inch, and hence the basic shield weights should differ
relatively little.

Introducing a void in the shield by incorporating a boiler such as
that of Flg. 15, or a vapor separator-expansion tank assembly such as
proposed for the reactors of systems 1 and %, leads to an increase in
shield weight that depends mainly on the vold volume. Since the vapor
separator-expansion tank assembly for the reactors of systems 1 and 4 are
smaller than the boilers of systems 3, 5, and 6 the shield weight penalty
should be smaller. Note that the vapor separator of system 2 need not be
inside the shield, hence 1t would not increase the shield weight.

One of the principal objections to a single-loop system has been the
posgsibility of radioactive material moving outside the shield and entering
the radiator where 1t would conlribute to the dose to the crew., This prob-
lem has been examined in considerable detail.®?4,112,15 Activation of the
reactor coolant in a fast reactor is much lower than one might expect be-
cause the neutron spectrum includes a relatively small fraction of thermal
neutrons. The use of a boiling reactor further cases the activation prob-
lem because roughily 75% of the coolant passage volume is occupled by vapor
rather than liquid. As a consequence, for the 1 Mw(t) MPRE, the dose to
the crew is estimated to be about 3 mr/hr for natural potassium and a
reactor-crev separation distance of 150 ft with no credit taken for the
shielding benefits that could be obtained from a Judicious disposition of
supplies and equipment in the spacecraft. This dose could be reduced by a
factor of about 100 through the use of separated potassium which it is
estimated would cost around $420/1b from a $2,500,000 plant designed to
produce 2000 lb/yr.l5 The MPRE would require about 50 lb per reactor.

‘i...l..l'.-'§
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The total gamma dose rate in the crew compartment will probably be
kept to 1 to 5 mr/hr,l hence, with the benefit of the shielding effects
of eguipment and supplies, the dose to the crew from potassium in the
radiator of a single-loop system might be acceptable with natural potas-
sium, and certalinly would be acceptable with the highly enriched =9y,
Bven for & 30 Mw(t) reactor, the dose to the crew from a separated isotope
would be only about 1 mr/hf without any allowance for the reduction in dose

~
I

obtainable by a favorable disposition of equipment and supplies.

Very little work has been carxried oub on the possivility of arrangirg
the equipment and supplies in a spacecraft so that there would be a re-
duction in the radiation dose to the crew, However, interposing 10% of
the mass of a 180,000 1b vehicle between the reactor and the crew would
reduce the dose to the crew by a factor of about four. This would be
helpful not only for normal opesration bul also under such abnormal con-
ditions as Jjelttisoning the reactor while retaining the bulk of the sghield
wilth the spacecraft,

Corrosion and mass transfer have been examined as mechanisms for
transporting activity from the reactor core to the radistor of a single-

15

Loop system. Briefly, the mass transfer rate is very low and, in the
systems of Figs. 1 and L, the evidence from both analysis and test systems
is that whatever material movement does occur will be from the condenser
to the boiler rather than vice-versa because, in effect, the recirculating
boiler acts as a still, and the vapor leaves the boller in refined form.
A small amount of dissolved solids will be carried in a small Tlux of
liguid, bul test experience indicates that the amount of material that
could possibly move in this fashion 1s far less than the amount required
to give a slgnificant dose to the crew,

A leak 1in a fuel element will permit Tission products to contaminate
the radiator. The data that have been obtalned from experience with sodium-
cooled reactors, in~-pile tests, and basic studies of fission product move-
ment indicate that aboul 3 curies might leak from an MPRE fuel element and
be carried to the radiator.® This would give a radlation dose at the crew
of less than 1 mr/ar. Since much of the activity is fairly short-lived,
the dose to the crew will depend mainly on the reactor power output and

the fuel temperature. The latter in turn depends on the extent to which
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the heliuvm in the fuel capstle may be replaced by potassium vapor which
has a relatively low thermal conductivity. If all of the helium in the

o

fuel capsule is replaced by potassium vapor, the fuel internal Cemperature,
and hence the fission product release rate, can be kept sufficiently low
that the equilibrium activity in the radiator will be below 3 curies if
the reactor output is kept to YO% of full power. Analysis alsc indicates
that, for the smaller diamcter fuel element design contemplated Tor the
reactors of this study, the fission product release per element should be
Jower in spite of the higher surface temperature. While the experimental
data on which the anslyses wers based were obtained for a variety of fuel
elements and operating cconditions, none were Tor exactly the conditions

of this study, and hence an in-pile test should be run with a deliberately
defected fuel element tTo provide a higher degree of assurance that the

figsion product release would indeed be guite small.
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3. RELIABILITY OF MECHANICAL COMPONENTS

The Tirst step in estimating the reliability of a power plant is

to egtablish the probability of the various types of component failure
that might occur. Ideally, the data used to estimate the relisbility

of the individual components should be for well developed types of
equipment from which design defects have been eliminated by a develop-
ment test program. This section summarizes the pertinent information
that could be found. Not surprisingly, it has been found necessary to
interpolate between extensive data Tor well developed conventional equip-
ment and limited data for only partially developed high temperature
eguipment. Surprisingly, the fallure rates were generally found to be
within a factor of 10 to 100 for a given component, thus giving credence

to the significance of the interpolation.

Basic Reliability Considerations and Data

Materials Compatibility

A first and obvicus reguiremernt for a long-lived plant is a set
of compatible materials. In steam plants and internal combustion engines
deposits in the form of ash, sludge, or scale often limit the length of
operating periods without maintenance. Deterioration of organic lubri-
cants becange of oxidation or breskdown at elevated temperatures in
machines such as internal combustion engines causes the gradual bulldup
of deposits in piston ring grooves, on valve stems, and the like which
lead to elther a deterloration in performance or actual failure of parts.
Mags transfer such as that in mercury systems where maberial 1s dissclved
in a hot zone and deposited out in a cold zone is akin to corrosion ex-
cept that the material deposited may plug passages and have 11l effects
more serious than those associated with the loss in wall thickness where
the material was removed.

Both the aperating temperature and thermal cycling have important
effects on the life of equipment, particularly for organic Jubricants,

gaskets, and diaphragme. Electrical equipment is also sensitive, e.g.,



precision wire-wound resistors and germanium diodes (which will be dis-
cussed later). For nuclear plants, radiation damage is also a major
problem, and ifts effects are dependent on the operating temperature of
the material.

Wear 1n rubbing parts is always likely to limit the useful life.
If fully developed hydrodynamic-lubrication conditions prevail, there
should be no wear, but boundary lubrication conditions are usually
unavoidable during starting and stopping so that wear may occur at
this time. Once a surface is scuffed, 1ts load capacity is reduced
and further deterioration is likely to follow at a rapid rate. If it
is not possible to design for fully developed hydrodynamic lubrication
conditions, wear rates can be reduced by the proper choice of lubri-
cants, surface materials, operating temperature, and maintenance of a
clean supply of lubricant.

Materials problems are so diverse and so complex that they often
become very confusing. In attempting to evaluate the reliability of a
proposed system, it is important to distinguish between basic feasi-
bility problems that depend on materials research and separate them
from engineering development problems. While large errors can be made
in attempting to predict the time and the cost involved in solving the
engineering problems, there is no way to estimate the time and cost re-
gquired to solve the materials problems, as clearly attested by some of

the less fortunate experience in the Aircraft Nuclear Propulsion Program.

System Integrity

The fluid system in a space power plant not only must be struc-
turally strong so that the probability of a conventional structural
failure will be very low indeed, but it must also have an excephtionally
high degree of leak tightness since loss of the fluid to the surrounding
vacuum can occur through even a very tiny leak. The large background of
experilence that has been accumulated in the development of the ASME
Pressure Vessel Code gives a splendid basis for design work that will
assure an extremely low probability of a burst type of failure, and

there 1s a widespread acquaintance with the requirements and design
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procedures. The specialized experience cn which to base the design of
a red hot system for a high degree of lesk-tightness is guite limited,
however, and without it more than one otherwlise highly competent organi-
zation has found that wmuch time and money can be expended with little to
show for the effort. Some indication of the nature of the problems and
the probability of difficulty — once personnel have learned how to cope
with these problems — 1s given by the ORNL operating experience summarized
in Table 16. It should be noted that about 70,000 nr of this experience
were obtained with six heat exchanger test rigs in which the fluid systems
were roughly comparable in size and complexity to a fluid system for a
100 kw electrical output nuclear space power plant. The rigs were de-
signed and built under the ANP Program, and were intended to have a life
expectancy of the order of 1000 hr. Most of them were operated for
periods of from 5000 to 25,000 hr with temperatures of 1500°F to 1600°F
in the high temperature portion of the systems and 1000°F to 1300°F in
the lower temperature portions. After the initial shakedown operations,
the difficulties experienced were mostly in eguipment outside the high
temperature fluid systems. Personnel engsged in this work are unable to
recall a single insgtance of a fallure in either the base metal or the
welds in compcnents having wall thicknesges of 0.020 in. or more, except
where — in retrospect — such & failure could have been anticipated. The
latter failures that were experienced could be clagsified in one of three
categories: (a) those resulting from thermal strain cycling caused by
thermal transients and off-design conditions, (b) those resulting from
failures in electrical heaters, and (c) catastropic oxidation from the
air-side as a result of the improper use of materials in the installation.
Most of the failures induced by thermal strain cycling occurred in com-
ponents that were being tested to failure by deliberately severe thermal
cycling conditions in order to establish design criteria.l82192720221 e
balance stemmed from our inability to anticipate the possible effects of
certain thermal transients and off-design condlitions.

The high degree of system integrity demcnstrated in the ORNL tests
cited above stemmed from several important precepts. The Tirst of these
was that all of the materials should be fabricated to close specifications

and inspected intengively. This increased the costs for such itewms as
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Table 16. Summary of ORNIL Operating Experience with High
Temperature Liguld Systems (1100°F to 2000°F)

Liguid metal (Na, NaK, K, Li) and molten salt systems operated under the
ANP and Molten Salt Reactor Programs:

Thermal convection loops, hr 1,000,000

Small loops with electromagnetic

pumps (3 to 20 gpm), hr 80,000

Small loops with centrifugal

pumps (3 to 20 gpm), hr 455,000

Intermediate loops with centrifugal

pumps (20 to 200 gpm), hr 60,000

Large loops with centrifugal

pumps (QOO to 1500 gpm), hr 110,000
Total hours 1,715,000

NaK Systems for Space Power Plants:

SNAP-50 loop 5,000
SNAP-8 loops 25,000

Boiling Potassium Systems:

Stainless Steel Refractory Metal

Capsules, hr 30,000 78,000
Thermal convection loops, hr 15,000 21,000
Single Firerod capsules, hr 85,000 -
Small forced convection loops, hr 20,000 3,000
Scale mockups of MPRE system, hr ___[,100 Tt
Total hours 157,000 102,000
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tubing by factors of from two to ten — much of it for inspection alone.
The effort and expense to assure freedom from defects in tubing was
demonstrably worthwhile, however, since the number of defecte found in
some lots of commercial tubing in the early stages was so greal that
nearly every plece was found to be unacceptable. In selecting tube
sizes and proportions, it was found that the wall thickness should not
be less than 0.020 in. since the grain size in structural metals is oc-
caslonally as much as 0.010 in. so that, with thinner than 0.020 in.
walls, there are bound to be areas 1n which only one or two grains will
extend across the entire tube wall thickness. An occasional inter-
granular crack or defect in these grain boundarieg will lead to a leak.
Similarly, sylphon bellows should be avoided if at all possible. Where
they cannot be avoided, triple-ply bellows should be employed, and a
careful stress analysis should be made to assure that at the operating
temperature the regquired bellows deflection will not give stresses that
exceed the elastic limit. All jolnts should be welded with full pene-
tration welds. If — as in tube-to-header joints — these cannot be ob-
tained, the weld should be back-brazed to eliminate the stress concen-
tration in the reentrant crack behind the weld if it can be arranged.
It is significant that, in the Tirst three heat exchangers with thin-
walled tubes that were Lested on the ORNL program, leaks occurred both
in welded snd in brazed Joints. Because of this, it was decided that
all future tube-to-header Jjolnts should be formed by first welding and
then back-brazing, and, in subsequent tests, approximately 7000 welded
and back-brazed tube-header joints were operated without a single instance
of a leak through such a joint in 20 x 10° tube joint hours of operation.*®
Thus it appears thal, by proper design with particular atiention
to minimizing thermal stresses and thermal strain cycling, and by care-
fully controlled welding and brazing procedures with proper inspection,
a thoroughly hermetically sealed system can be asgured with a very high
degree of reliability — probably in excess of 99% after sufficient shake-
down testing has been carried out to show up design and installation
errors. Data on stainless steel-U0s fuel elements, for example, in-
12°

dicate that, with proper quality contro the weld failure rate can be
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kept lower than one failure per 10° weld operating hours, and less than
b E

one failure in a tube wall per 10~° tube-feet-hours.

Meteorold Punctures

While major uncertainties were formerly associated with estimates
of the probability of a meteproid puncture of a space radiator, suf-
ficient data are now at hand so that it is possible to estimate the
probability of a meteoroid puncture to within about a factor of 2, and
hence sufficient meteorcoid armor can be provided ©o assure that the
probability of a meteoroid puncture of a radiator will be less Than any
number that the designer may choose. BEstimates of the resulting weight
penalty for armor are cutlined in the section on radiator weights.

In comparing different systems, it is important that the weight of
the meteoroid armor be calculated on the basis of the sum of the radiator
tube surface area and the surface area of the exposed manifolds and heat
exchanger casings. For example, in the design of a lunar base pover
plant designated Lubar I, 113 separate radiator circults were employed
tc reduce the vulneravility of the system Lo a meteoroid puncture of the

24

radigtor. However, this led to the use of a large toroidal heat ex-

changer with the cycle working fluid on the shell side. The surface

area of this heat exchanger was several times that of the total surface
area of the radiator tubes and manifolds Sthat would have been reguired
for a stalinless steel single-loop boilling potassium reactor power plant

-
Cx

the csame outputb.

It is important +o consider the consequences of a radiator leak
caused by a meteoroid. If the meteoroid impacts in a zcne filled with
liguid, it may cause the tube Lo burst even if 1t does not penetrate the
wall, especially if the back side of the tube 1s left thin as in the
degign outlined in a previocus secticn. If the tube wall is simply per-
forated, the leakage rate will tend to be high, and for the region of
interest the hole will probably have a diameter about equal to the armor
thickness, i.e., about 0.2 in. For this size hole, liquid loss from the
system will oceur rapidly, and within much less than a minute the circu-

lating pump will lose its prime and cease to function. I a meteoroid
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were Lo puncture a 0.2-in.-diam hole in a tube or manifold carrying vapor,
the very much lower fluid density will lead to a much lower rate of loss
of fluid from the system. If the leak can be sensed shortly after it oc-
curs and the system power outpubt reduced so that the pressure in the
direct condenser will be dropped to lO% of the pressure at full pover,
the rate of leakage will be only about 0.001 lb/sec, or 3.6 lb/hr. The
2000°F, 367 kw(e) single loop system of Table 15 was designed so that it
can lose about 10 1b of liguid potassium without encountering any serious
difficulty. Further, in a manned vehicle it should be possible to add
fluid to the system from a supply tank so that an even greater quantity
of fluid could be lost without serious effects. This suggests that, if
the leak could be detected shortly after it formed, some repair measure

might be possible.

Turbines, Generabtors, Pumps, and Motors

Several sets of data have been examined in an effort to assess the
reliability of the turbine, generator, pumps, and motors. The first of
these is for the steam turbine-gewverator units in the steam power plant
for the Oak Ridge Gaseous Diffusion Plant.®® A second set of data was
compiled from experience with the steam turbine generator units in the
TVA power plants.Z® A third set of data has been accumulated in the
course of ORNL tests of high-temperature liquid pl;t.m.ps,’?6 while a fourth
set of data has been obtalined for electric motors in the Gaseous Dif-
fusion Plant.=7

The data for steam turbine-generator units indicate that the proba-
bility of the unit operating for a year without a forced shutdown is only
about 0.05. However, a review of the log books showed that a large
fraction of the forced cutages stemmed from brush troubles in the exciter.
These can be avoided through the use of g type of generator in which the
field excitation 1s obtalned from solid-state equipment. A large part of
the balance of the troubles stemmed from difficulties with sticking of
the throttle valve. These can be eliminated by using the control system
contemplated for the MPRE. The steam turbine-generator data indicate

that elimination of the vrush and throttle valve trouble would increase
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the probability of operating for a year without a forced shutdown from
0.05 to 0.60.2% Provision of generous tip clearances for the turbine
buckets, and generous clearances in the seals and other regions along
the rotor will eliminate "rubs", one of the most important other sources
of forced outages. The experience with ORNL pumps for high temperature
liguids discussed below implies that difficulty with distortion and rubs
can be kept to an extremely low level. By using the potassium vapor
cycle working fluid as the lubricant, the basic supply of liguid should
be unusually free of solids of the type fcund in organic compounds as a
consequence of thermal decompositicn and oxidalion. While ORNL experience

B

indiecstes that potassiur-lubricated bearings are very sensitive to small
dirt particles, the ssme experience also indicates that these particles
can be effectively removed through the use of micropore filters that will
not pass particles larger than 2 p‘l7 Since the bearings are lightly
loaded, bearing failures caused by fatlgue in bthe bearing‘material should
not be a problem. Thus it appears that the principal potential cause of
failure in a turbine-generator unit 1s likely to be an electrical or
mechanical failure stemming from eifther thermal strain cycling or thermal
distortion that may develop as a consequence of thermal strain cycling.
The bore seal in the generatvor and the ceramic insulation in the windings
appear to be particularly likely sources of trouble. However, it appears
that, through proper design, the probabllity of the Tfailure of a turbine-
generator unit might be reduced to around 10% for 10,000 hr of operatlion.
ORNL operating experisnce with centrifugal pumps in high-temperature
liquid systems (above 1000°F) totals over 450,000 hr. This experience

26, 29,30 . , R .
g,2%0 &89 Note that the incidence

has been summarized in Tables 17 and 1
of difficulties in Table 17 has been expressed in terms of pump cperating
hours, and that the difficulties have been divided into two categories,
i.c., those in the pump itself and those associated with the test equip-
ment such as the drive motors and the related control equipment. The
three faillures that cccurred within the large pumps toock place In the
first few thousand hours of the development test work and led to small
design changes. These were so effective that during the subsequent
160,000 hr of operation the only failures that occurred were in the test

cquipment, not the pumps. The experience with overation of The small
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Table 17. Summary of Malfunctions in ORNL Centrifugal Pumps
Having Capacities of 150 gpm to 1500 gpm Endurance
Tested at Temperatures Tfrom 1100°F to 1300°F
Total Running Time — 168,000 hr

Number of Average Operating
Mzlfunction e Time Between
Incidents -
Failures-Hour

Puzps
Excessive seal oil leakage 1" > 160,000**
Seizure journal bearing o > 160,000**
Seizure in close clearance % %

region between shaft and casing 1 > 160,000
Drives, Controls, and Instrumentation
Electronic drive system controls 3 56,000
Break in resistance grid 1 150,000
Drive motor
Replace brushes ~20 7,000
Seized rotor 1 150,000
Hydraulic drives (used only on
a few pumps) l ~ 2,000
Liquid level indication
Shorted probes ~15 11,000
Pump tank overfill 2 84,000
Gas system
Frozen metal plug 6 28,000
Frozen salt plug 5 33,000

*
Failure took place during first few thousand hours of testing of a
new model.

*
Excluding failures that occurred during the first few thousand hours
of testing a new model.
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Table 18. Summery of Malfunctions in ORNL Centrifugal
Pumps having Capacities of About 5 gpm Endurance
Tested at Temperatures from 1000 to 1300°F.
Total Running Time — 290,000 hr

(Capacity 5 gom)

Number of Average Operating
Malfunction S Time Between
Incidents o
Failures-Hour

Pump
Pump bearing failure 2 145,000
Tmpeller rubbing (mass transfer) M* Lo, 000
Drives, Controls, and [nstrumentation
0il rotary union 5% 33,600
Vee belt (drive) 8" 21,000
Motor vearing failure (3600 rpm) 17% 9,900
Eddy current coupling** 30* - 5,600

“Petailed records available for only 168,000 hr of operation.

.X._x_
Involved replacement of brushes and pillot bearings.
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pumps covered by Table 18 was similar. It should be noted that 17 of
the pumps in Tables 17 and 18 were operated for a year or more without
trouble in the pump proper, and five of these ran for over 20,000 hr
without ahy trouble with the pump. While most of the pumps tested
employed oil-lubricated bearings located in cool zones, three were run
with molten salt or liquid metal-lubricated bearings with no trouble.
Thus ORNL test experience indicates that rotating machinery can be de-
signed for operation in liquid metal systems in the 1000 to 1300°F
temperature range to give component reliabilities in excess of 97% for
10,000-hr periods.

In reviewing the ORNL design precepts that yielded the surprisingly
good pump reliability indicated by Tables 17 and 18, several points are
apparent.so In addition to a careful cholce of malterials to provide good
compatibility, the pumps were designed so that the stresses and bearing
loads would be moderate — well below levels likely to give difficulty.
The casings were designed so that the distortions to pe expected under
load or from temperature gradients under off-design conditions and in
transients®t would have a minor effect on the load capacity of the
bearings. The pumps were made mechanlcally simple to minimize the
cunulative effects of wear or distortion. The bearing materials and
lubricants were chosen to provide good wetting of the bearing surfaces
by the lubricant, and little or no tendency of mating rubbing surfaccs
to self-weld if no lubricant were present.

An insight into the reliability of electric motors 1s glven by a
set of data compiled for some 10° motor operating hours in the Gaseous
Diffusion Plant at Oak Ridge. Table 19 summarizes data obtained over the
past 17 yr for various sizes of electric motor.27 Most of the failures
were in the windings, the leads, or the bearings. These motors are
normally operated at steady-state conditions continuously year in and
year out, with shutdowns only when maintenance 1g required. It is signif-
icant that the lowest incidence of faillures experienced Tor any of the
various classes of motor 1s approximately 0.005 failures per motor
operating year. This, of course, is for a well developed standard com-

mercial motor with no bore seal, ceramic insulation for high-temperature
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Table 19. Summary of Failure Experience with Electric Motors in the Oak Ridge Gaseous Diffusion Plant

M;tor Opggétgig M;;g;ai?iiiie Yo | 9f Years Motor Faiiures {by Calendar Year)
P Units per Year of Operation 190) 1963 1962 1961 1960 1959 1958 1957 1956 1955 195k 1953 1952 1951 1950 1940  10L8
2000 320 0.0121 8 1 1 2 1 6 2 2 6 6 6
1750 320 0.0270 8 9 L 10 8 31 16 0 2 L 1
950 13 2 1 1 2
700 287 0.0118 8 2 7 4 3 1 1 I
600 200 1 1 3
500 100 0.0411 9 L 14 11 25 5 2 4 1 8 iy 3 1
560 200 0.0379 12 ks 3 1 3 12 8 L
Loo 10 33 2 6 5
300 100 0.0564 1k 3 8 7 156 g 5 3 L 5 6 i 3 3
200 100 0.0775 5 1 13 13 b 0
200 360 0.0125 14 1 3 3 9 1 9 3 3 3 1 13 6 5 3 ¢ 1
150 600 0.0345 17 1 12 It 27 32 38 27 30 32 oL 21 33 24 9 6 1k 18
100 101k 0.0102 17 2 L 5 15 18 20 10 19 8 1% ik 8 12 5 9 7 7
75 L50 0.0189 16 6 20 12 20 i1 12 7 5 15 17 0 5 2 3 o 1
60 967 0.0128 17 12 15 12 9 13 16 2k 10 18 15 S 3 10 L 20 i5 7
50 Lol 0.0123 17 5 2 & L i 2 5 2 5 5 5 8 7 L 15 10 11
30 834 0.00LT 16 2 1 1 3 L 2 5 2 5 4 2 3 13 10 1
25 10 0.0k0 10 1 0 0 0 0 0 1 1 1
20 726 0.0065 17 1 6 2 3 3 3 1 3 b 1 5 5 24 7 5
15 300 0.0269 1L 5 1 0 3 25 37 12 H L 3 15 L 2
i0 120 0.0395 12 1 1 3 6 11 2 L i 1 1 6 3
7-1/2 576 0.0233 10 1 17 ol 30 6 9 12 1k 10 1t
5 576 0.0186 10 0 4 8 23 15 6 6 10 20 15

Most 1750 hp motors fail because of a ilead to stator winding breask — a manufacturing deficiency — no program for correction.

Most 500 hp motors failed because of deficiency in design (1952 & 1953) — rotors were rebuilt on program basis by manufacturer.

S N N

Motors operated overloaded — subsequently rewound to 560 rating because of high failure rate.

A~ N N~
S N A I g
~—

Operation of most 3600 rpm equipment phased out in 196k,
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windings, or special cooling system to contribute to the failure proba-
bility. It seems doubtful that the rellabkility of = high-temperature
electric motor could be as high as this.

Over 120,000 hr of ORNL experience with electromagnetic pumps is
summarized in Table 20. These pumps have been largely of two types,
simple low-head linear ac units with a large ac magnet to produce a
magnetic field transverse to the electric current Tlow through a Tlat-
tened portion of the channel, and moderately high head electrodynamic
pumps which make use of an electric motor-driven rotating magnet running
inside a circular loop of pipe through which a current is passed normal
to the plane of the loop.

Table 20 indicates that the mechanical reliability of the simple,
low-head linear ac pumps 1is gocd, while that of the moderately high
head rotating magnet pumps is poor. The data of Table 20 include only
failures within the pumps — numerous outages because of failures 1in the
power supply oOr switchgear were not included.

Pumps of the helical induction type have been purchased, but no
significant operating experience has been galned with them as yet at
ORNL. It is understood that about 17,000 hr of operating experience
has been accumulated with helical induction pumps by General Electric
at Evendale, Onlo under NABA contracts.

Thermoelectric pumps do not depend on an electric power source or
gwitchgear, but the pressure rise available is only about 1 psi, and
they inherently require a large temperature differential between the
hot and cold junections on the ligquid lines that induce the flow of
electric current. This ilnevitably leads to large thermal stresses and
conseguently thermal strain cycling. About 18,000 hr of testing has
been accumulated on 1k pumps. The longest life obtained has been about

6000 hr.2*

Valves
ORNL experience with valves 1in high-temperature liquid systems is
summarized in Table 21-a. The operating difficulties have been divided

into two major types, i.e., those in which a bellows fallure resulted




Table 20. DSummary of ORNL Operating Experience
With Blectromagnetic Pumps

Alternating Current Conduction (Linear) Type

Cperating
System Time

(br)

ANP heat exchanger tests 6,700
Corrosion loops 73,850
SWAP-50 loop 5,000
SNAP-8 loops 30,000
Total : 115,550

No failures that caused leaks in the liquid metal sys-
tem occurred aflter the pump cell was redesigned as a con-
sequence of two Tailures during the first thousand nours
of operation. Some loss in performance occurred as a con-
sequence of oxidation of tae lcads at {lemperatures gbove
1000°F.

Electrodynamic Pumps (Rotating Magnet).

Operating
System Time
(hr)
Forced convection boiling 16,000
potassium systems
Small potassium systen 4 000
Total 20,000

No failures caused leaks in the liquid metal system
after the pump cell was redesigned following an early fail-
ure, The Jongest period without serious trouble witn tiae
rotor bearings was 2,300 hr.
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Table 21. Summary of Operating Experience with Bellows Seal Valves

(2} CRNL Experience with Valves in Alkali Metal In the Perioc 1961 Through 1965

Svstem Nzﬁbzimggpi:igs Number of Failures® Type of Valve Number of Valves Hours of Systemn ODZiizing Remarks
yELE . in Stem Mechanism that Failed per System Operation = h
Through Bellows Hours

Ips 0 2 Hoke, except for 35 ~3,000 105,000 A1l valves are operable at this

(Boiling K) 2 Mason-Nellian date. At least two valves have
leakage across seat when closed.

b )
SPS-1 0 5 Hoke 4 — HVLT3 6 primary valves ~L4,000. Average 2k, 000 One valve presently in system
(Boiling X) and 1 — TYLLS sizes 3/8 — 1/2 life of wvalves leaks across seat.

that failed —
2500 to 3000 hr

¢
1 Hoke 47 ~1,500 70,000 Two valves in system presently

SPS-2 0
{Boiling K) re leaking across seat.
SNAP-8 3 i 1402 Series Hoke 7° 25,0007 175,000
(NaK) which were bought
for ANP

SNAP-50 Loop 0 0 Hoke HV-LT3 10 ~5,000 50, 000
(NaK) and one TY-L45

Ay

b . N .
Four bonnets repaired.

Cne

Feilures where valve had to be repaired or replaced.

valve removed because of leakage across seat. All five valves removed from system.

c -
Including sample system valves.

“Yelves that failed operated for 480, 1300, 1600, and 5880, respectively.

o
Thirteen loops were operated, each having seven valves. One loop operated for 5880 hr before one of the valves failed.

oo . . . <
Total operating time for alil loops.

(b) QOak Ridge Gaseous Diffusion Plant Experience with 930 Valves

Year 1955 1956 1957 1958 1959 1960 1961 1962 1963 196k 1965 Total
Nurber of bellows failures 55 22 16 7 7 10 ih 41 23 37 19 251

Number of failures of stem

mechanism 6 o} 0P 8 Ll i 0 L 3 3 6 67
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in a leak to atmosphere and those in which there was some difficulty
witn sticking. Virtuslly all of these valves were located in the lower
temperature portions of the systems. Only three of those in Table 21l-a
have been operated routinely at temperatures above 1200°F; the bulk have
been operated in zones that ran from 600 to 1000°F. None of these valves
was subject to continuous operation by automatic process control action.

The lower portion of Table 21 summarizes some 10%® valve operating
hours of experience with valves that were continuously subject to control
action by automatic process control eguipment in the Oak Ridge Gaseous
Diffusion Plant. The difficulties cited in the stem mechanism involved
only sticking in the valves; they do not include difficulties with the
mechanical operator. All of the valves were run within 200°F of room
temperature. Since the plant has been run continucusly, the number of
hours lost through outages is a small fraction of the number of hours
per year.

Additional data on valve operating experience in the Gascous Dif-
fusion Plant were obtalned for earlier years, but these were not in-
cluded because the incidence of failures was 10 to 100 times greater than
Tor the period covered by Table 21-b. The high failure rate during the
early years was corrected by revisions in the design of the valves or in
the installation, and hence there are no infant mortality failures in-

cluded in Table 21-b.

Bellows Expansion Tanks

The only data that appear to be available on bellows expansion tanks
are those cobtained by Atomics Internaticnal in the course of the mercury
Rankine cycle improvement program.32 Tests of about a dozen units in-
dicate a mean time to failure of the bellows of about 3000 hr with no
instance in which a bellows has been operated for more than 6500 hr with-
out a failure.

Major factors affecting the life of vellows in either valves or ex-
pansion tanks are the number of actuation cycles, the number of thermal
cycles, and the amplitude of the cycles. The valves in the ORNL tests

were subject to relatively few actuation cycles with a somewhat larger
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number of thermal cycles. The valves in the gaseous diffusion plant were
subject to large numbers of actuation cycles with only a little very mild

thermal cycling.

Blectric Heaters

Table 22 suwmmarizes over 300,000 hr of ORNL experience with l/2—in.—
diam Firerod electric heaters immersed in potassium in the 1200 to 1600°F
temperature range.ss The data indicate a mean time to failure of about
2500 hr for the lowest heater output range of the table (most of these
heaters ran at 2 to 3 kw). A diligent effort to improve the quality con-
trol and the fabrication processes will, it 1s believed, lead to an im-
provement in the mean time to failure by about a factor of 2 in the coming

year.

Reactor Control Drive Mechanisms

Experience with the control rod mechanisms for the ORR over a period
of about eight years provides some interesting and useful reliability
data. The six identical control rod mechanisms installed when the reactor
was built gave a moderate amount of trouble over a period of about five
years. Most of this trouble took the form of sluggish or false scram
action rather than failure to operate. The difficulties were diagnosed,
new rod drives were designed and built, and the redesigned mechanisms
were installed in all six positions of the ORR during the summer of 196k4.
These have functioned for 18 months without an instance of misoperation.
This corresponds to a total of more than 60,000 rod drive operating hours
without a fallure. This experience indicates that the probability of

. . 5 . .
failure is less than 2 x 10 per rod drive operating hour.

Instruments

Typical ORNL experience bearing on the reliability of the primary
sensors used on high temperature (above 1000°F) liquid metal and molten
salt systems 1s summarized in Table 23. This includes only complete
failures of the sensors. No attempt was made to evaluate the degradation

of instrument systems or the failure of readout equipment. In all cases,

b



Table 22. Summary of ORNI, Operating Bxperience With
Firerod Electric Heaters Run in Bolling Potassium

Heater Power

Hours of Nurber of
Ope ] \ e = T IR - b L +
Uperation Heate rs iess Than 4 kw - to 5 kw 5 to 7 kw
Total Failed Total Failures Total Failures Total Failures
Over 8000 1 1 1 i
6000 +o 7000 1 1 1 i
5000 to 6000 1 1 1 1
\O
N
LOOO to 5000 2 1 2 1
3000 to L4000 2 2 2 2
2000 to 3000 77 28 71 27 1 5 1
1000 to 2000 26 15 10 3 7 4 92 8
500 to 1000 18 6 i i 9 i 8 Ly
Less thar 500 159 39 13h 32 5 1 20 6

Total 254 gk 216 63 25 9 U6 22




Table 23%. Summary of Instrument Operating Experience in Some Typical High Temperature Liguid Systems

Level Elements

Pressure Transmitters

Magnetic Flowmeters

Hours of . . Total - s Total Total
m P= i an 1 : ot =
: rest Operation No. Fallures p o .o =~ No. FaLIUres i g0 gpg, No. Failares rnst. Hrs.
Boiling Potassium Forced Convection Loops
Loop No. 1 3,000 1 0 3,000 3 0 9,000 1 0 3,000
Loop No. 2 750 1 0 750 3 0 2,250 1 0 750
Loop No. 3 2,611 1 0 2,611 3 0 7,8%3 1 0 2,611
Loop No. & 1,895 1 C 1,895 3 0 5,685 1 0 1,895
Loop No. 5 4,500 1 0 4,500 3 0 4,500 H 0 4,500
Loop No. 7 3,300 1 0 3,300 3 0 9,900 1 0 3,200
Large Molten Salt Pump Test Loops
Pest No. 1 12,000 - - 3 - 36,000 S
(S
Test No. 2 20,000 ~ - 3 1© 60,000 —
e
Test No. 3 10,000 1P - 3 - 30,000 —
Test No. 4 25,000 - - 3 - 75,000 -5
Small Potassium Systems
} No. 1 6,000 L 2L, 000 5 o 30,000 2 12,000
No. 2 1,200 6 7,200 2 0 2,L00 1,200
Intermediate Potassium Systenm 2,800 7 0 19,600 L 1° 11,200 L ¢ 11,200
SNAP-50 Radiator Loop 5,000 3 0 15,000 3 0 15,000
SNAP-8 NaK Loops 25,000 7 0 L2 000 10 1 60,000
EM Pump Test Rig 3,500 1 0 3,500 1 0 3,500
Total 93,056 35 0 127,356 39 2 25%,768 27 1 118,956

aLoop at temperature but not necessarily full operation,
b'F]_oa'b type level element as used on MSRE.

CElements failed to respond. In both cases, the process
dTwo PMD's failed in this loop when they were overheated
eTwo of the PMD's are used in conjunction with a venturi

fThe pump test loops circulate molten salt.

2.g. boiling.

connection was plugged.
with the loop evacuated.

to measure fiow.
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only those instruments which were properly installed and had operated at
least 200 hr were considered. No failure was charged if a Tallure re-
sulted from an operational error or physical damage.

PMD s (pressure measuring devices) manufactured by the Taylor
Tnstrument Company have been used by ORNL for 10 years. ese units
are supplied as indicators or with strain gage electrical output and
pneumatic output. They can be used to measure absolute, gage, and dif-
ferential pressure. The failures that were found did not seem to be a
function of any of these factors.

Recently, ORNL purchased several pressure transmitters from the
Foxboro Instrument Company. Five of thece units have operated in the
Intermediate Potassium Loop for 2800 hr without failure. The Foxboro
transmitters are limited to HOO°F operating temperature.

There have been several generations of level elements at ORNL, the
progression being from the "J" tubes to "I tubes with current modifi-
cations being designated "H" tubes and "M" tubes. Those listed in the
table are both "J" and "IV types which are single elements. The "™M"
and "H" types employ two "I'" tubes with electrical interconnections on
a single level measurement. Therefore, the new units would have a
reliability of one-half of that of the "I" tubes.

These elements are currently avallaple with an active length of
6 in. to 4 ft and have been used to measure differential pressure by
measuring the level in a liguid metal manometer.

The flow rate of high temperature liguid metals has been measured
by three different methods at ORNL. The most common instvrument, the
magnetic flowmeter, i1s listed in the table of operating experience. The
other two methods employ a flow regtrictor and either a differential
pressure transmitter or a ligquid level manometer. Operaling experience
on both devices is limited. However, the differential pressure trans-
mitter should have the reliability of 2 PMD's. The liguid level mancometer,
when properly designed and installed, would be a simple level clement.

A device to sense the speed of the turbine pumps in the Intermediate
Potassium Loop has been tested. One unit ran for 2000 hr at 700°F and

then failed. Another has run for 2000 hr at 600°F and is about to fail.
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The manufacturer had rated these units for 5000 hr at 1000°¥. However,

this seems overly optimistic. Development of these devices continues.

Mechanical Reliability of the Fluid Systems

Establishing meaningful estimates of the reliability of a Rarnkine
cycle space pover system is a most difficult task because experience with
the unique components required is small compared with the required high
reliability for long periods of operation (> 10,000 hr) without main-
tenance. Because of this, most space povwer plant reliability studies to
date have consisted of selecting a target for the overall mission relia-
bility and then arbitrarily assigning a set of individual component
reliabilities that would make it possible to achieve this goal. This
type of analysis is of value in establishing development goals, but it
is not very helpful in comparing various systems.

For the purposes of this study, il seemed better to derive com-~
ponent reliabilities from the statistical data presented in the previous
section and employ these component reliabilities to assess the relia-
bility of the various systems being compared in this study. This ap-
pears to be a valid approach because the reliabilities found for the
special purpose components operated in high temperature liquid metals
are within a factor of 10 to 100 of similar well developed industrial
components operated near room temperature, hence interpolation between
the two appears to be reasonable. Further, since most of the components
in the various systems under consideration are similar, the failure rate
for a component such as a pump should be the same irrespective of the
particular system in which it may be used. Thus the relative reliability
of the various systems can be assessed even though the absolute values
used for the components are approximations. Table 24 was prepared in
this way to show the probasbility of a failure in the principal mechanical
components. The reliability values given are for the components them-

selves, and do not include the effects of malfunctions or failures in the

[©)

electrical power supply, instrumentation, or control equipment. These

are treated in a later section.



G5

Table 24. Estimated Probability of Outages Caused by Mechanical Components in
the Course of 10,000 hr of Operation of Systems Designed to Produce 367 kwe

(Does not include failures of instrumentation, control, or electric power systems )

System Number 1 and 2 3 L 5 5
. o Number of  Probability Number of Propability Number of Propabiiity Number of Probabiliity DNumber of Probpability
Type of Failure Fallure Rate Components of Outage Comporents of Outage Ccmponents of Outage Components of Cutage Components of Outage
- * *
Leaks, in welds 1079 /weld 500 0.005 1000 0.010 600+600 0.005 1000 0.010 100G+600 0.010
meteoroid punctures (see - h?) 0.001 0.001 0.0001 0.001 0.0001
in tubes 1071%/r 1000 0.001 2000 0.002 1000+1000 0.001 2000 0.002 2000+1000 0.002
Turbine driven pump lO-s/pump 1 ¢.010 2 0.020 1 0.010 1 0.010 1 0.010
Blectric motor driven pumps
Temp. > 1800°F 10™% /pump 1 0.100 1 0.100
Temp. < 1300°F 3%x10"°/pump L 0.01l 1 0.030 L 0.01k
Main turbine 3x10 ©/turbine 1 0.030 1 0.030 i 0.030 i 0.030 1 0.030
Generator 3xlO_6/generator 1 0.030 1 ¢.030 1 0.030 i 0.030 1 0.030
Accumulator
(no control device 1077 /unit 1 0.001 0.001 1 0.001
(control device required)  3x10”°/uait 1 0.030 i 0.01h 3 0.090 3+h 0.10k
Jet pumps 1077 6 0.006 2 0.002 8 0.004 ) 0.002 I 0.00k
Valves
Fill (leaks to space) 107%/valve 2 0.020 L 0.040 2+8 0.026 i 0.0k0 L+8 0.0L6
Control (leaks to space) 3x10°%/valve 2 0.060 2 0.060 2 0.060
(sticking in vaive) 10 °/valve 2 0.020 2 0.020 2 0.020
(operator) 3x107%/drive 2 0.050 2 0.060 2 0.0560
Reactor control drives 3x10°%/drive L 0.01k L 0.01k L 0.014 L 0.01k 4 0.01k
G.118 ., 0.320 0.150 0.499 0.50L
(0.098) (0.220) (0.124) (0.399) (0.398)
System Relizbility 0.888 ., 0.726 0.861 0.607 0.60k4
(0.907) (0.802) (0.883) (0.671) (0.672)

*
Componernts in series plus redundant components.

Value obtained by eliminating valve leaks to space.
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In preparing Teble 24 the principal components in the system were
listed in the first column, and a failure rate was estimated from the
data in the previous section and listed in a second column. The failure
rate from each type of component was then calculated for each of the
systems of Figs. 1 through 6 and listed in the columns to the right. The
rationale used in estimating a reasonably conslistent set of failure rates

for the various components 1s summarized in the subsections below.

Leaks

The incidence of leaks in welds was estimated from the data on fuel
elements, as was the incidence of leaks in tubes. In both instances ex-
cellent quality control measures were assumed. Experience with stainless
steel encapsulated-Uls fuel elements for water-cooled reactors has demon-
strated that one vendor has obtained over 500 x 10° fuel element operating
hours without a failure.® Further, 30,000 similar fuel elements have
operated at arocund 1200°F in a gas-cooled reactor for over 10,000 hr with-
out =z single detectable eak.® Since there is a weld at each end of each
fuel element, this gives over 107 weld operating hours without a failure.

The fuel element experience indicates a similar integrity for the
tube wall for thicknesses from 0.015 in. to 0.020 in. Since wall thick-
nesses about double this would be used in the outer envelope of a space
power plant, the probability of a leak through the tube wall should be
still lower — a value of 10 ¢ per foot of tubing seemed in order.

While the temperatures in a space power plant would be higher, the
ratio of operating stress to the allowable stress would be kept the same
or lower than in the fuel elements cited for water- and gas-cooled
reactors.

The incidence of leaks caused by meteorolds as calculated in a
previousz section was taken as 0.001 for the direct condenserg and 0.0l
Tor the indirect radiators.

No allowance was included for leaks in the regenerative feed heaters
partly because the ground rules give a probability of such a leak of less
than 0.001, and partly because if such a leak were to develop it would be

internal and would probably lead to only a slight loss iIn performance.
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Pumps

As will be shown in the next section, the circulating pumps are
pernaps the mest vital components in the system from the hazards stand-
polint, and hence deserve particular attention. TIn appraising the data
available, the Two most gignificant pieces of information appear to be
the reliability data for electric motors obbtained from the QOak Kidge
Gaseous Diffusion Plant, and the ORNL experience with high-temperature
centrifugal rumps. The former sebt of daba indicates thal the incidence
of failures in well developed commerical electric molors operating near

. A~ . .
room Lexperature can be kept to around 10 per operating hour, while the

OENT, pump test data indicates that this degree of relisbility can be

The component reliabilities

P

aprroached in high-temperature liguid pumps
given here are for the component itgel® — not for the power supply or
control equipment).

The electric-motor-driven pumps for NaXK circuits Ia the systems of
Figs. 1 through 6 were considered first. Not only is the eleciric-motor-
driven pump considerably more complicated and therefore subject to more
failars modes than a conventional elsctric notow
large temperature differentlals within “he pump lead to thermal strain
cycles and thermal distortion effectus that are perticularly likely to
give difficulty with the becre seal and the ceramic insulation for the
windings. It apprears that the extra -complexity introduced by the require-
ment Tor a bore seal in a canned rotor pump, the ceramic insulation and
the high temperature of the windings, the need to use a liguid metal
te lubricate the bearings, and the much smaller background of operating
experience that could possibly he accumulated fcor so specialized a com-
ponent as a circulating pump for a space power plant will lead to =&
failure rate at least severzl times that of the best electric motors of
Table 19. Thus a fallure rate of 3 x 10—6 per pump operating hour was
taken as being as low as one might reascnably hope to achieve.

There

little likelihood that the curie polint of the magnetic

materiais used in the generator or motors can be raised much above 1000
to 1200°F. Design studies indicate that allowances for temperature drops

through the wvarious parts coupled with contact resistances are large and

—
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Table 25. Fallure Modes of Pumps

Free-Turbine-Driven Feed Pump rimary Electric Motor Driven Pump
(Maximum Operating At — 600°F) (Maximum Operating At — 1300°F)
Bearing failures Bearing failures

Impeller failure Impeller failure (2)

Turbine wheel Ffailure Motor rotor failure

Casing leaks (40 in. welds) Casing leaks (160 in. welds)

Dynamic seals (2)

Thermal insulation between pump and
motor

Bore seal

Windings — insulation failure

lead to the conclusion that the temperature of the coolant for the stator
ought not exceed about 600°F. As a consequence, in the NaX circulating
pumps for the indirect radiator circuilts, the difference between the pump
temperature (which will be about 1200°F) and the motor coolant tempera-
ture (approximately 600°F) will be about 600°F. In electric-motor-driven
pumps for the reactor coolant circuit, fluid will enter the pumps at about
1900°F, giving a temperature difference between the motor windings and the
pump casing of 1300°F. This will greatly increase thermal stress cycling
effects, thermal distortion, and, consequently, the probability of a
failure. For the purposes of this study, it seemed reasonable to assume
that the incidence of failure would be increased by a factor of about 3
in the higher temperature units, hence the component failure rate for the
primary circult pumps was taken as 107° per pump operating hour.

Operating experience with free-turbine-driven feed pumps with
potazsium-lubricated bearings is limited to that obtained during the
past year at ORNL. While this experience is encouraging in that a pump
has been operated without difficulty for over 2500 hr after a correction
of bearing difficulties which showed up in the initial run of 18 hr, far

more operating experience must be obtained before there will be a
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statistically significant basis for estimating the failure rate of this
component. However, for the purposes of this study, it appeared that a
significant estimate of the failure rate relative to that of electric-
motor-driven NaX pumps could be made by comparing the failure moedes to be
expected in the two components. Tals has been done in Table 25. fThe
items cormon te the {wo units were listed first, fcllowed by those items
pecullar to one or the other of the two types of pump. 1In view of the
large number of components in the motor-driven pump together with their
gregter sensitivity to thermal stresses and thermal cycling, 1t appesred
that the component failure rate for the free-turbine-driven pump should

be lower by st least a factcer of 3.

Turbine-Generator

In estimating the failure wrates for the main turbine and generator,
it appeared in order to use the value chosen for the electric-motor-
driven pumps (as developed above). In view of the larger size, the

1 h!

reater complexity, the higher temperature, the greater temperature

m

differences, and the higher vearing loads inheren? in the main turbine
relgltive to the turbine-pump unit, 1t appears that the faillure rate would
be increased by a factor of spproximateliy 3. This reasoning leads Lo
values of 3 x 10"6 failures per operating hour for the turbine and the

sgme value for the generator.

Valves

Experience at the Cak Ridge Gaseous Diffusion Plant, as summnarized
in Table 21-b, indicates that the incidence of sticking within the valves
was about 10"6 per valve operating hour even with well developed com-
mercial components in a relatively benign atmosphere. ORNL experience
with valves in high-temperature liquid systems as summarized in Table 2l-a
indicates that sticking of the stem mechanism in infrequently operated
high-tempersture valves has been a serious problem, with failure rates
of the order of 3 x 1077 fallures per valve opesrating hour. For the
purpcees of this study, it was zssumed that sticking troubles in the

two valves required in each Loop for filling operations could be ignored
O b
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and that the fallure rates for sticking of the process control valves
could be reduced to the diffusion plant value.

ORNL experience indicates that lesks in the bellows seals for the
stems of infrequently operated valves are less likely than sticking of
the operating wmechanism, and that the failure rate is 10—5 per valve
operating hour for leaks in the bellows of infrequently operated high-
temperature valves. This compares well with the diffusion plant data
which indicate a fallure rate of 3 x 107° per valve operating hour for
low-temperature control valves. It is believed that an improvement in
the reliability can be made with careful design, installation, and
development work, and that in valves for liquid metal services the
bellows fallure rate may possibly be reduced to 107° fzilures per valve
operating hour for infrequently operated valves, and to 3 x 107° for

valves continuously subjected to control action.

Accunulators

In view of the long history of difficulty with bellows in high-
temperature zones as derived from experiencs with bellows seal valves
and accumulators (as outlined in the previous section), it seemed best
to base the reliability analysis on the premise that 2 bellows-type
ligquid accumulator would not be used in any of the systems, but that
the design of the accumulator would be based elither on capillary forces
or on fluid dynamic forces in a tank in which the ligquid would be swirled.
The reliability of such expansion tanks will depend on possible diffi-
culties with deposits, provisions for pressurizing. or provisions for
maintaining the spacing of plates intended to give the desired capillary
action. Since there has never been any difficulty with sn expansion tank
in CRNL high-temperature test rig experience, it is believed that the
reliability of these units can be very high, with that for the dynamic
expansion tank approaching the rellability of a heal exchanger with ten
tube-to-header joints. Because of the greaber sensitivity of a capillary
expansion tank to possible difficulties with plale spacing as a consequence
of thermal distortion and warping, its reliability would probably be a

Tactor of 10 lower than that of the dynamic accumulator.

-
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Jet Pumps

ORNL operating experience with liquld metal Jjet pumps totals only
18,000 Jjet-pump operating hours -- not nearly enough to constitute a basis
for making a reliability estimate. However, the components are inherently
so simple and are subJect to only one failure mode - plugging — that it
appears that, in a system in whizh mass transfer is a trivial problemn,

there should be no difficulty with these units. Hence, the incidence of

failure should be exceedingly low, and was taken as 1077,

Reactor Control Drives and Control Valve Operators

The ORR control drive expericnce cited in the previous section is

for a water-cooled resctor in which all parts are at or near room tempera-

53

ure for an application regquiring a falrly fast scram action. The higher
bearing loads implied by the labter consvitubte something like as difficult
an cbstacle to high reliability as the high-temperatures and vacuum of a
space power plant installation.

T,

The low incidence of complete fallure to operate during the first

N . "

five years of ORR cperation coupled with the complete absence of trouble
once the design defects were corrected indicates that the Tallure rate
will prove to be lower than ].Om6 per drive operating hour.

Test and development work Lo date on the MPRE control system has in-
cluded fabrication and testing of two prototype mechanical drive systems

o

which have been cycled at room temperature through about 2000 cycles, at
least 1C0 times the number tTo be expected in the life of

a space power
plant. No component or system fallure has been experienced.

It appears that the incidence of failures to be expected in the con-
trol plug drive mechanism of the reactors of Table 24 can be kept low by
designing for a low rubbing velocity and light loads. The principal
problem will be to so choose the materials that self-welding will not
occur in space. It i1s believed that, by proper design and choice of
materials, a component failure rate similar to that estimated for electric-
motor-driven NaK pumps — i.2., 3 x 10"6 per drive mechanism operating hour

- will be achievable, and this value was used in Table 2k.

AR
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Overall Incidence of Mechanical Failures

-1

Using the component fallure rates summarized in Table 2L, the
reliability of the systems of Figs. 1 through 6 was estimated. In
doing this, allowances were made for redundancy of the reactor control
drives and the indirect radiator circults by considering a failure serious
only if two of the four parallel components were to become inoperative
as a consequence of failures of the component in guestion. For example,
for the electric motor~driven NaK pumps in the radiator circuits, the
component failure rate of 3 x 107° was multiplied by the period of
operation (10,000 hr), the number of pumps in the four circuits (four),
and the product squared. This is equivalent to saying that the failure
of one pump would be considered acceptable, bubt that the failure of two
NaK pumps should be considered serious. The same rationale wasg used for
the other elements in the NaK circuits and for the control plug drives.
(This assumes that the control system will be designed so that it will
continue to operate even if one of the four independent plug drive
mechanisms were to stick.)

Where there are a number of components any one of which would cause
an outage of the system {e.g., the two pumps of system 3), their proba-
bilities for producing an outage were simply added.

The sum of the Failure rates for the major components of a given
power plant gives an indication of its reliability. While somewhat 4dif-
ferent values might have been used for the component failure rates, it
ig believed that the relative mechanical reliability of the varicus
systems would not be greatly different Tfrom that indicated in Table 2h.
It must be emphasized that Table 24 is only for the mechanical relia-
bility of the mejor components; it does not include any allowances for
the difficulties with the instrumentation, control, or electric power
supply and distribution systems, including the power supplies for the
electric-motor-driven pumps. These problems are treated in a later
section.

In examining the fine structure of Table 24, it 1s evident that the
principal sources of trouble are the generator, electric-motor-driven

oumps, control valves, and provisions for accumulators in once-through
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boilers. These suggest that, if a 2-loop system is deemed essential

because of hazards considerations, system 3 would be attractive from
the reliability standpoint if a recirculating boiler similar to that

of systems 1, 2, and 4 were cmployed.



4. RELIABILITY OF INSTRUMENTATION AND CONTROL EQUIPMENT

In atbtempting to compare the reliability of the control equilpment
for the systems of Figs. 1 through 6 on a consiatent basis, 1t seemed
best to delineate the control functions, outline the principal fallure
modes and hazards problems, summarize the Instrumentatlion requirements
using a set of design precepts applicable to all six systems, review the
data avallable on the reliability of components of electronic eguipment,
and then employ this information to assess the relative reliability of

the control systems for the various power plants of concern in this study.

Bagsic Control Functions for Normal Operation

The survey of system requirements presented in Ref. 1 indicates that,
for power outputs of 100 kw(e) to 5 Mw(e), the control system should be
designed so that the reactor will operate at reduced power when the elec-
trical load is reduced. CANEL reached this conclusion in the latter
stages of their effort, but retained a small parasitic electrical load to
reduce swings in voltage or freguency in the course of electrical load
transients. In view of the poor reliability of electric heaters immersed
in high-temperature liquid metal as indicated by the data presented in
Table 22, and in view of the indications from the survey of Ref. 1 that
substantial voltage and freguency swings could be tolerated in the course
of load transients, it appears best to eliminate a parasitic electrical
load from the power plant control system. The survey of Ref. 1 also in-
dicated that restoration of voltage and frequency to design values in the
course of a load transient need not be accomplished quickly — a period of

a minute or more to re-establish eguilibrium would be acceptable.

Boller Control

Because of thermodyrnamic, flulid flow, and control considerations, it
appears best to contreol the turbine outpul in all cases by operating the
Rankine cycle system with no vapor throttle valve at the turbine inlet and

with the boiler outlel pressure essentially proportional to the thermal



output of the reactor. (This approach hag been followed in the MPRE,®4
SNAP-8,Y and SNAP-50.59)

One of the most complex and difficult problems in the control of a
boiler is the mainbtenance of the proper ligquid 1lnventory in the system.
In recirculating boilers Tor conventional steam power plants, it has been
the practice to sense the liquid level in the maln sieam drum and use it
Lo control the boller feed flow rate by varying either the speed of the
boiler feed pump or a throttle valve in the line belween the feed pump
and the boller. Because of time lags and system stabllity considerations,
1t bhas beern found necessary to meter the sfteam flow leaving the boiler and
use that sigral to modulate the control actiorn. This arrangement has been
known as a three-element toiler feed confrol system. Other controls are
also required in tThe power plant; for example, the boiler pressure is main-

!

tained constant by varying the firing rate Lo She furnace, and the turbine

)

speed 1s held constant oy varying the position of throttle valves at the

ct

urbine inlet.

Experience with cnce-through boilers in conventional steam plants has
shown that they pose & more difficult set of problems. There is no liquid
level that can be measured in the boller to determine whether the liguid
inventory distribution in the system 1s proper; instead it is necessary to
measure the amount of superheat in the exit vapor. Operating experience

has shown that, to obtain reasonably stable power plant operation, 1t is

1A i

necessary to resort to a system of electronic "plack boxes" which regulate
the major guantitles according to a sel of schedules. The resulting
arrangement is much more. complex than for a recirculating boiler, and the
load range over which it has been found practicable To operate the system
with avtomatic contrels 1s much reduced, usually running only over the
range from about 50% to full power in central stations. 1t is, of course,
necessary to go through a low-power regime during startup or shutdown, but
this is done with much iatervention on the part of the operators to main-
talin conditions within ascceptable limits.

The recirculating boiler syscem of the MPRE has been designed to glve
a set of system characteristics such that the liquid inventory distribution
is 1nherently stabls and within acceptable limits over a wide range of

, L . . . . 24
power outpute without requiring any instrumentation or control equipment.

a2
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The efficacy of this approach has been demonstrated by operation of large
test rigs.SG

The once-through boller systems present a much more complex set of
problems. A review of stationary power plant experience, work on the
SNAP-2 and SNAP-8 programs, and work on the SNAP-50 program coupled with
an effort at ORNL to find some better approach indicates that it will
probably not be possible to find an arrangement simpler than that given
by two continuocusly controllable valves, one between the feed pump and
the boiler and the other elther bebween the expansion tank and the feed
pump inlet or between the condenser and the feed pump inlet. These valves
must be coupled through some sort of electronic or servo equipment to
maintain a certain scheduled relationship between the principal parameters
of the Rankine cycle system, including in particular the liquid inventory.
While other arrangements may be made, e.g., a 'pressurizer” can be used,
these are no less complex and are likely to give poorer stability and
control characteristics. (A pressurizer requires electric heaters with a
set of controls to hold the pressurizer tank within a narrow scheduled

temperature range.)

Condenser Temperature Control

In conventional steam power plants there 1s no need to control the
condenser temperature because on the one hand the temperature of the
available cooling water supply is beyond control and on the other hand
the lower the condenser temperature the higher the thermal efficiency of
the power plant. The systems are designed so that the static head of the
liguid in the hot well will be sufficient to provide cavitation suppres-
sion head for the condenser scavenging pump irrespechtive of condenser
pressure. In a space povwer plant designed for zero-g operation, however,
the situation is complicated by the fact that cavitation suppression head
for the condenser scavenglng jet pump can be obltalned only by subcooling
the condensate leaving the condenser. This means that the absolute pres-
sure in the condenser must not be allowed to drop below a level such that
a reasonable amount of subcooling of the condensate will suffice to pro-

vide the cavitation suppression head required for the condenser scavenging

-
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pump. This, in turn, means that — with unshuttered direct condensers —
the power must not be allowed to drop below a level such that the above
requirement can be satisfied, or — with indirect condensers — the liquid
circuit to the radiators must be equipped with control devices to maintain
the condenser temperature within the proper range.

The problems involved are illustrated by Fig. 18 which shows the re-
sults of an analysis carried out for the single-loop system of the MPRE.
The upper curve shows the turbine inlet temperature, while a second curve
below and roughly parallel to it shows the fturbine outlet temperature.
Immediately below the turbine outlet temperavure curve is a third curve
which defines the meximum radiator inlet temperature for sonic velocity
irto the radiator tubes. The reason Tor this is tThat, as the vapor Lem-
perature of potassium is reduced, the specific volume of the saturated
vapor lucreases very rapidly so that the volume flow rate of vapor for a
given weight flow quickly leads to choking at restricted points in the
inlet vapor passages when the condenser temperature is reduced. Immedi-
ately berneath this curve is a fourth curve delineating the minimum radi-
ator outlel temperature for which provision can readily be made for
sufficient subcooling to suppress cavitvation at the inlel to the condenser
scavenging pump. RBelow this 1s a curve which defivnes the ideal average
radiator temperature that would prevall if no shutters were employed and
the radlator run with a uniform temperature distribution with the heat
rejection rate varying as the fourth power of the radiator surface tem-
perature. Because of the flow restriction effects of sonic velocities at
the inlet to the tubes, the condenser cannot run at a uniform temperature
but rather the temperature will drop along the length of the tubes as a
consequence of a series of oblique shocks. Consequently, the temperature
the tube inlets will be much above the average, while the Temperature of
the condensate leaving the radiator will be very much below the ideal
average radiator temperature at any part-load condition below about 50% of
the full-power output. The temperature at The condenser outlet would drop
below the value reguired to suppress cavitation in the condenser scavenging
pump so that 1t would not function properly, and the condenser would load

up with liquid.
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Figure 18. Effects of reactor power output on the temperatures
at key points in the system of figure 1 as estimated for the MPRE for
various modes of operstion.
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The dashed line across the bottom of Fig. 18 indicates the opera~
tional limitation imposed by the freezing point of potassium.

The basic problems outlined above are present in any Rankine cycle
power plant. Where a gravitational or centrifugal field of 0.1-g or
greater is avallable, the design can be such that a static head can be
built up between the condenser outlet and the inlet to the condenser
scavenging pump to suppress cavitation. (Only a few inches of static head
will suffice to suppress cavitation in a Jet pump at low outputs.) If a
plant must operate under zero-g conditions, means must be provided in the
power plant control system to keep the condenser pressure nigh enough so
that enough cavitation suppression head Tor the condenser scavenging
pump can be obtained by subcooling the condensalte in the line between the

condenser and the pump.

Radiator Temperature Control

If a direct condensing radiator is employed, means must be provided
to hold its temperature within an acceptable range. One way to accomplish
this 1s to provide shutters similar to those shown in Fig. 10-c. These
shutters can be closed to interpose a thermal radiation heat shield he-
tween the radiator tubes and space and thus drastically reduce the heat
losses at any given radiator temperature. A dashed curve has been super-
imposed at the left of Fig. 18 to show the average radiator temperature
that would prevail if a set of shutters were provided and these were
closed. It can be seen from these curves that the condenser temperature
should he maintalned somewhere between the minimum radiator outlet tem-
perature to suppress cavitaetion and the turbine outlet temperature.
Further, at any given power output there is a wide range of shutter
openings that would be acceptable because the power plant operation would
be insensitive to the condenser temperature as long as it fell between
the bturvine ocutletl temperature and the minimum temperature to suppress
cavitation in the condenser scavenging pump.

A simple, rugged thermostat for controlling the position of each
shutter blade can be obtained by mounting a long molybdenum rod ~0.15 in.

0D on a fin. The refractory metal rod would be attached to the radiator
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fin at one end and allowed Lo slide in ceramic bushings chosen to avoid
trouble with galling or welding. Differential thermal expansion between
the refractory metal rod and the stainless steel radiator tube will lead
to a relative movement of aboutb 1/2 in. at the free end of the rod. This
movement can be used to actuate a linkage that will control the position
of the shutter blade,

Shutters of this type are attractive not only because they afford a
promising means of controlling the condenser temperature under part-load
conditions, but also (as will be discussed in a later section on Startup)
provide a nice solubion to many of the starfup problems. The radiators
can be designed so thalt each tube will have its own independent shutter
control, and the structural design of the radiators can be such that the
misoperation of any individual shutter blade will not have any serious
congequences so far as the radiator as a whole is concerned. Since it
appears that the condenser will be insensltive to subsbtantial deviations
in shutter-blade opening from the desired mean, this approach to the con-
trol of the condenser temperature would provide a high level of relia-
bility because of the extensive redundancy.

This system of shutters also looks attractive for indirect radiators
because of startup and reliability considerations. The redundancy obtain-
able should give a much greater system reliabllity than could be obtained
with the conventional bypass control valve for the liquid clrcuits of
systems employlng indirect radiators since it eliminates not only the con-
trollable valve hut also the need for electronic equipment to control it,
Thus for the purposes of this study this method of condenser temperature

conbrol has been assumed for all six systems of Figs. 1 through 6.

Reactor Controls

In establishing the ground rules to be used in thig comparison of
the systems of Figs. 1 through 6, it seemed in order to require that in
all systems the reactor output be controlled to provide the heat required
by the boiler. In the recirculating boliler systems the reactor controls
will respond to an error signal from the generabor voltage and/or fre-

quency, and the rate of change of reactivity will be low — of the order

%
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of 2 x 1077 Ak/k per second. The simplest arrangement would be to let
both the voltage and the frequency vary when the electrical load changed,
and operate the control plugs to oring either the voltage or the Trequency
back to its proper range. This would keep both values within +10% of the
design value if step changes in the clectrical load were limited to +15%,
as will probably be the case.® A somewhat more complex system could be
used to maintain the frequesncy constant by varying fthe generator field
strength and allowing the voltage to vary. Thus a step increase in load
would be absorbed by allowing the voltage to drop throughout the system
so that, in effect, the step change would be absorbed by the same sort of
load sharing arrangement as is used in most electric power systems.t In
either case the coupling between the error signal and the control plugs
will simply act wo bring the voltage and freguency back to the design
values.

In the conce-~through boller systems the reactor controls will respond
to an error signal from the amount of superheating in the vapor leaving
the boiler. The coupling will be complicated by requirements to match the
reactor outlet temperature o a prescribed schedule that pust be related
to signals from other instrumentation in the system.

In all cases the reactivity will be controlled by movement of the end
reflector with an end plug and drive mechanism similar to that employed
Tor the MPRE.

To provide good system stabllity and control characteristics, the
resctor will have a negative btemperature coefficlent of the order of
-5

10~ Ak/k °C"l, and will have small, negative power and void coefficients.

Electrically Driven Pumps

Power for the electric-motor-driven pumps will be supplied from
solid-state power conversion equipment connected to the generator. 'This
equipment will include its own voltage and frequency regulating circuits.

In the systems with indirect radiators for the main thermodynamic
cycle, two sets of power conditloning egquipmert should be employed with
each supplying power to the pumps in two of the radiator circuits,

For manned vehicle applications of liguid-cooled reactor systems, the

best arrangement that could be devised to minimize the hazards assoclated

o
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with a pump outage would be to provide one or two low-head electromag-
netic pumps in series in the reactor cooling circuits. Rach of these
pumps would operate continuously throughout the life of the plant with
pover supplied from its own set of batteries. Each set of batteries
would be continuously recharged through 1ts own separate power condi-
tioning equipment connected to the generstor. Each of these electro-
magnetic pumps should have its own individuval cooling circuit for the
magnet windings, with an electromagnetic pump to circulate the coolant

to a separate radiator in each instance. While this arrangement would
increase the probability that a pump would be available to circulate
liquid through the reactor, the large temperature differences between

the windings and the pumped fluid would introduce thermal stress problems.
A helical induction pump would be less subject to this sort of brouble,
but it would require an inverter between the battery power supply and the
pump, and this would seriously degrade the rellability of the system.
Other factors that make the use of electromagretic pumps a less than
perfect solution are the requirements for a cooling circuit for the field
coll with a pump, radistor, valves, expansion tank, and vital instrumen-
tation. Because of all this, extra complication .and weight allowances for
pumps of this sort have not been included in any of the tables of this

report.

Requirements for Electronic Egquipment

Many of the contrcl Tunctions indicated by the above discussion will
require electronic "black boxes" that will be integral elements of the
power plant, and will ve vital to its reliability. The basic control
functions requiring electronic equipment are summarized in Table 26 for

the systems of Figs. 1 through 6.

Pailure Modes and Hazards Problems

The various types of failure that may occur in a space power plant
may be divided into three major categories, i.e., those thalt result in a

degradation in system performance or output, those that result in a
b 2



Tahle 26.

Basic Control Functions Requiring the Continucus Action of Electronic Eguipment

for Normal Operation of the Power Plants of Figs. 1 Throuch 6
- feel

Boiling Resctor 1-Loop
Systems 1 end 2

Boiling Reactor 2-Loop
System 3

Boiling Reactor 2-Loop
Systenm &

Iiquid-Cooled Reactor
Systems 5 and 6

Adjust position of con-
trol plugs to vary the
reactor output to main-
tzin the generstor
voliage and/or frequen-
cy within the desired
range.

Adjust throttle valve in
feed 1ine to boiler to
maintain the generator
vocltage and/or frequency
within the desired range.

Sense the temperature
anc superieat of the
vapor leaving the
boiier and adjust
position of control
plugs to vary the
reactor output to
maintain a scheduled
regctor outiet tempera-
ture.

Sense subcooling of con-
densate return from con-
denser and adjust device
to control the iiguic
inventory distribution
between the accumuliator
and the Rankine cycle.

Adjust position of con-
trol plugs to vary the
reactor output to mein-
tain the generator
voltage and/or freguency
within the desired range

ST .

Controi tae outpat of
thie electrical power
supply for the electric
motor-driven pumps to
meintain the voltage
and freguency within
the desired range.

Adjust throttle valve
ir feed line to boiler
to maintain the gene-
rator voltage and/or
frequency within the
desired range,

Sense the temperature
and superkeat ol the
vapor leaving the
boiler and adjust
position of control
plugs to vary the
reactor output to
maintain a schedulied
resctor outlet tempera-
ture.

Sense subcooling of con-
densate return from con-
denser and adjust device
to control the liguid
inventory distribution
between the accumulator
and the Rankine cycle.

Control the output of
the electricel power
supply for the electric
motor-driven pumps to
maintain the voltage
sand frequency within
céesired range.

1T
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complete power outage, and those that would endanger the crew 1if the
power plant were installed in a manned vehicle. It is also informative
to categorize the various failures on the basis of the fallure mode, i.e.,
the manner in which the failure develops. Table 27 has been prepared to
relate the component failures considered in the previous section to the
system failure modes and their consequences in terms of reduced system
performance, complete power outage, or hazards.

An examination of Table 27 is informative. While provisions can be
made in the design of a small reactor (about 1 Mw) to obtain heat losses
from the reactor sufficiently high to remove the afterheat in the event
of a loss of coolant flow through the core, in larger reactors thermal
conduction effects would not be adequate to prevent excessive temperatures
in the center of the reactor core and counsequently excessive pressures and
melting of the fuel elements would occur. If the loss of coolant flow
through the core occurred as the result of a leak to space, fission pro-
ducts escaping from the melted fuel elements could escape through the leak
and some fraction would deposit on the exterior of the spacecraft. Exper-
ience with Gemini 6 and 7 showed that clouding of the windows occurred as
a consequence of the deposition of organic material from waste aqgueous
fluid emissions from the spacecraft. The volatility of these organic
materials must have been much higher than that of most of the fission pro-
ducts that would be emitted from a melted fuel element, and hence there
would be a much higher probability that fission products would stick to
and form deposits on the surfaces of the spacecralft. Amounts far smaller
than those sufficient to cloud a window would give excessive radiation
doses to the crew.

If loss of coolant flow through the reactor were to occur as a con-
sequence of a pump stoppage, and if there were no centrifugal field to
provide a basis for natural thermal convection of the coolant, excessive
temperatures would develop quickly in the center of the core, boiling of
the coolant would occur, and — in a liguid-cooled reactor system — exces-
sive pressures in the circuit would lead to a rupture in the primary
cooling system. This would probably gccur in the reactor vessel since 1t
would be the hottest and weakest element in the system under these con-

ditions. If the failure occurred when the reactor was running at a high
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power output, even a prompt shutdown of the fission reaction would not
prevent the afterheat from rupturing the pressure vessel in a matter of
minutes.

To reduce the probability that afterheat will cause a reactor core
meltdown in manned vehicles, 1t would be possible to employ a multiplicity
of electric motor-driven pumps ~ perhaps two or three in parallel, cach
with its own independen®t power conditioning equipment. The latter could
include switching devices to make use of battery power in the event of a
power outage from the main generator. However, 1t 1s believed that any
such arrangement would entail so much solid-state electronic equipment
with provisions for switching from the generator to the batteries that
the reliability would fall short of that required. It was for this reason
that electromagnetic pumps for suxiliary circulation of the liquids in the
key circuits was suggested in the previous section.

Note that, in addition to the mechanical fallures summarized in
Table 24, many types of failure that might occur as a conseguence of mal-
functions in the electric power supply, instrumentation, and controls have
beern included in Table 27. While — as will be discussed in a later sec-
tion — the probability of these latter failures is generally much higher
than for the mechanical components, so nuch detailed information is re-
quired to estimate them that numerical values were not included in the

table.

Amount of Essential Instrumentation

The amount of essential instrumentation for each of the systems of
Figs. 1 through 6 gives an indication of the complexity of the control
systen, hence it is important to review the lnstrumentation requirements.
In addition to the instrumentation required to carry out the basic con-
trol functions required for normal operation as outlined above, sufficient
instrumentation must be provided in power plants for both manned and
unmanned vehicles to permit a reasonably good diagnosis of the principal
malfunctlions envisioned. In manned vehicles, the instrumentation and

control system should be designed to provide warnings of inciplent
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Table 27. Principal Compornent Failures, Failure Modes, and Comsequences of Failures

(a) Single-Loop System of Fig. 1

Incidence of
Failure Mode Prime Cause of Failure Failures in Possible Consecguences
~ +
10,000 hr

Major fission product release uniess fission reaction is
0.01 promptly stopped and circulation maintained by thermal corn-

vection in a spun vehicle or by an auxiliiary electromagnetic

pump. Fission products would probably be confined within

of reactor coolant fliow Pump malfunction

[
O
)]
w

Bearing failure
Turbine wheel failure

Rub between rotor and casin
S ) the power plant system.
Radiator scavenging Jet pump plugging 0.002
Boiler recirculating jet pump nlugging 0.004 Plugging of one pump probabiy not serious, piugging of two
would require reduced power, plugging of three would force
a shutdown.
Loss of coolant Loss of coolant inventory through a Major fission product release except in reactors of less
leak (including meteorcid punctures) 0.007 than about 2 Mw(t) in which specific provision is made for
substantial heat losses from reactor assembly by thermal
radiation.
— . . . s = - =
Loss of gererator Faiiure ir windings (including bore seal)
Bearing failure in turbine or generator 0.06
Rotor rub in turbine or generator }- Power outage
Pailure of field power supply ?
Failure of voltage and fregquency regulator ?
Cooling system failure {including radiator) 0.002 J
Reactor control drive Control drive mechanism Some ioss in reactor life as a consequence of the loss of
malfunction . the resctivity available in the falied control pliugs.
Motor failure
Ball screw failure 0.01k4
Warpage of plug guldes and sticking
Electronic control equipment ?
Electrical power supply ?
Fuel element clad falliure Weld defect or tubing defect 0.005 Power level reduced to 50% %o 70% of design value to keep

activity in radiator to acceptable level.



Table 27.

{v) 2-Loop Systen of Fig. 3

(Continued)
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Failure Mode

Prime Cause of Failure

Incidence of

Failures in

Possinle Conseguences

10,000 hr
Loss of reactor coolant Pump malifunction Simiiar to same event in single-ioop system except that
flow . .- Y fiesion products could not get into radistor.
Bearing failure
Turbine wheel failure 0.01
Rubbing
Loss of reactor coolant Boiler tube failure and system leaks 0.005 Similar to same event in single-loop system except fission
products could not get into radiator.
Loss of power conversion Pump malifunction Besides possible mission abort, main problem would be in
fiuid flow - A Y shutdown neat removel from reactcr. This would depend on
Bearing fallure rovisions fo nd operation of vackup pumps, sp n ehicle
. . i for & eratior up pumps pun vehicl
Turbine wheel failure 0.01 p o pk‘a =XUp DUIpS,  SE ’
. ete., or on the effectiveness of direct heat removal from
Rubbing R . . . ns .
core by radiation to space. Could result in major fission
Accumulator malfunction 0.03 product release.
Radiator jet pump plug 0.002
Valve failure 0.080
Control system malfunction ?
Loss of power conversion System leaks (inciuding meteoroid Essentialily same as ioss of flow, above.
fluid punctures) 0.113
Expansion tank faillure 0.030
’ - R e e ‘. A M
Loss of generator output Failure in windings {including bore seal)
Bearing failure 1n turbire or generator
Rotor rub in turbine or generator
. ) C.06 Power outage
Failure of field power supply ?_ g
Failure of voltage and freguency regulator
Cooling system faillure (including radiator)
-
Reactor control drive Same as single fluld system 0.01%4 Some losg in reactor iife as & consequence of the loss of

mgifunction

the resctivity aveilable in the failed control plugs.
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Table 27. (Continued)

(¢) 3-Loop System of Fig. 6

Failure Mode

Prime Cguse of Failure

Tncicdence of
Failures in
10,000 hr

Possible Conseqguences

Loss of reactor coolant flow

Loss of reactor coolant

Loss of power conversion
fluid flow

Loss of power coaversion
fluid

Pump malfunction

Bearing failure

Bore geal failure
Radiation baffies
Dynamic sesl failure

Motor coolant circuilt

Accumulator malfunction

Electrical system failure
Main turbine-generator unit

Transformer

Frequency converter (including its
cooling system, low-temperature

radiator

Motor leads, switches, connectors,

and controls

System leaks

Expansion tank failure

Pump malfunction

Bearing failure
Turbine wheel failure
Rubbing

Condenser jet pumps (2) plugging 0.004

Accumuliator malfuncition
Control valve malfunction
Control system malfunction

System leaks {(including boiler
tupe failure

0.001
0.03

-

~J

[Rv]

0.118
0.00%

J L N
h 7”*_J

0.01

0.03
0.0k

-

0.118

Similer to same event in single-loop system except circu-
lation by thermal convection in a spun vehicle would not be
as effective. Fission products could not escape into the
radiator, but contamination of spacecraft exterior would be
more likely.

Similar to same event in singie-loop system except fissi
products could not excape directly into the radiator, tu
E it

o

contamination of spacecraft exterior would be more 1i}

Besides possible mission abort, main problem would be in
shutdown heat removal from reactor. This would depend on
provision and operation of backup pumps, etc., or on the
effectiveness of direct heat removal from core by radiation
to space. Could result in major fission product release.

Essentlally same as loss of coolant flow, above.



Table 27. (Continued)

(c) 3-Loop System of Fig. 6 (Continued)
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Failure Mode

Prime Cause of Failure

Incidence of

=
B

slivres in
10,000 hr

Possible Consequences

Loss of radiator fluid
(NaK) flow

Loss of generator output

Reactor control drive
maifunction

Intermixing of fiuids

NaX pump malfunction

Bearing fallure
Canned rotor failiure

Rotor

Eiectric

rubbing

a1 system fallure

Motor windings failure

Wiring, switches, connectors, and
electrical control system fallure

Motor coolant circuit failure

iping and heat exchanger fallure }

Auxiliary radiator failure

System leaks (including meteoroid
puncture of radiator)

Expansion tank failure

Failure

Bearing

in windings (inciuding bore seal)

failure in turbine or generstor

Rotor rub in turbine or generator

Feilure
Failure
Cooling
Control

Motor

of field power suppiy
of voltage and frequency regulator

systern failure {including radiator)

drive mechanism

failure

Ball screw faiiure

Warpage of plug guides and sticking
Electronic control equipment
Electrical power supply

Boiler tube failure

Condenser tibe failure

-

-0

-

[Rv]

-3

0.002

0.01k4

0.00k4

0.00kL

Power reduction with partial loss of mission objectives.

Power reduction with partial loss of mission objectives.

Power outage

Some loss in reactor life as a conseguence of a loss in
gmount of reactivity available in remaining control plugs.

Inventory control problem may necessitate system shutdown.
Also, heat transfer efficiency may be reduced.

Irtroduction of sodium into power conversion fluid will give
liguid droplets in vapor leaving boiler and possibly turbine
erosion. Will slso change performance and prooaebly reguire
decreasing power level or system shutdown.
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trouble for all major fallure modes, and provisions should be made to
initiate a reactor scram where this would be necessary to protect the
crew or the power plant. The number of signals in the latter category
should be kept to a minimum.

In establishing ground rules for estimating the amount of instru-
mentation 1t appears that, as a minimum, each fluid circuit (except those
for cooling the windings of the electromagnetic pumps) should have a flow-
meter, two pressure gages to indicate the pump pressure rise and system
pressure level, and thermocouples to indicate the highest and lowest tem-
peratures in the system. The circuits for the thermodynamic cycles
should alsc include a gage Lo measure the boiler outlet pressure, since
it will generally be substantially lower than the pump discharge pressure.
The temperature of the field coil for each electric-motor-driven pump
should be measured.

The instrumentation for each electromagnetic pump should include
provisions for indicating the field winding temperature, the cooling
circuit temperature rise, and the liquid luventory in the cooling circuit,

Instrumentation should be provided to indicate the state of charge of
the battery supplies for the electromagnetic pumps and for the performance
of the power conditioning equipment used for the electric-motor-driven
pumps .

A speed indicator would be provided on each turbine, bult, since the
turbine-driven feed pumps can be designed so that a complete runaway will
not damage the machine, only an overspeed of the main bturbine-generator
would be used to initiate a sharp setback in reactor power.

The liguid inventories in the reactor cooling circuit and in the
thermodynamic cycle system are so important from the safety standpoint
that a low inventory in either case would be cause for a sharp setback
in power or a scran.

A loss 1n the output from the power conditioning equipment will lead
to such serious trouble in systems No. 4, 5, and 6 that an indication of
such a failure should initiate either a scram or a sharp setback in power.

Table 28 summarizes the number of quantities that must be measured
according to the vequirements outlined above. Note that two columns are

given for each of the six power planis, one for the essential

g - -
<R



Table 28.

Vital Instrumentaticn for 1-, 2-, and 3-Loop Systems

1 2 3 4 5 6
Single Loop Single Loop 2-Loop 2-Loop 2-Loop 3-Loop
with Boiler with Boiler Boiling Boiling Liquid- Liguid-
Jet Pump Centrifugal Reactor, Reactor, Cooled Cooled
Pump irect Indirect Reactor, cactor,
Concenser Condenser Direct Indirect
Condenser Condenser
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Quantity:
flow 2 i 3 i 4 2 6 L L 3 8 3
Pressure 3 3 5 1l 6 14
RPM 2 L 2 1 3 1 2 1 2 1 2 1
Iiquid Inventory 2 1 2 1 3 2 6 1 5 i 9 2
Battery Charge 1 1 1 3 3 5
Power Conditioning O 0 0 L 2 2 1 L 2
Radiation Dose at 1 i 0 0 0 O
Radiator
Non-Thermocoupie 11 3 12 3 16 5 32 5 22 & L2 8
Temparatures i2 i3 i5 132 23 143
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instrumentation for diagnostic or normal control purposes, and one to
indicate the number of signals or combinations of signals that would be
needed to initiate a reactor scram or a drastic setback in power. In
keeping with the design precepts outlined above, both were kept to a
minimum. Flowmeters were included only ia circuits in which a flow
stoppage would quickly lead to a reactor meltdown if the reactor power
were not immediately reduced. The less thah perfect reliability of in-
gtrument pick-ups in the event of a false scram may lead to serious
damage L0 the power plant. In view of the complexities in the possible
courses of events, it will probably prove best to design the control sys-
tem to give a scram or a sharp cutback in power only if pressure-drop in-
dications are consistent with those from the flowmeters. This entails

some further complication of the control functions.

Reliability of Components for Electronic Egquipment

It is apparent from the pump test experience in Table 17 that all
of the difficulties after the initial shakedown testing of the pumps
were in the instrumentation, control, and electrical equipment rather
than in the pump proper. Experience in other systems has commonly
been similar. In the Tirst army package power reactor, for example,
over 300 vacuum tubes had to be replaced during the first year of
operation.

The reliability problems in the missile program have led to scome
excellent work on the complilation of reliability data on electronic
equipment. There are so many different components in electronic systems
that only a few examples can be cited. Some indication of the relia-
bility of complete standard commercial assemblies is given by a par-
ticular piece of ground-based radar identification equipment on which
a thorough reliabllity study was carried out, 8 Figure 19 from that
study shows the probabllity of survival of this eguipment as deter-
mined from a large amount of operating data. The dotted curves were
obtained by using the basic exponential relation normally used in

reliability analyses. It is interesting to note that, as was found
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in the steam power plant study summarized on D« 81, this and related studies

of electronic equipment showed sbout double the average incidence of

failures during an initial shake-down period, followed by a fairly

long operating period in which the failure rate was essentially uni-

form, followed in burn by a final pericd in which the incidence of

failures increased as a consequence of wear and tear on the eqguipment.
Reliability studies on components Tor electronic equipment have

shown that the most Important factors are usually the operating tempera-

ture and the ratio of the operating wattage to the nominal rating for

the item in question. Figure 5 shows a typlcal set of curves for ac-

. . eie)
curate wire-wound resistors.3®

Essentially similar curves have been
obtained for such items as geranium diodies, sslenium rectifiers,
ceramic capacitors, film resistors, and the like, the failure rate in
the region below 80°C in no case being more than a factor of ten lower
than that given by Fig. 20 for wire-wound resistors. The incidence

of failures in pin connectors and relays was roughly similar — [Mig.

21 shows the relation between fallure rate and number of actuations
ver hour for switches and relaysp89 An intensive effort in the past
five years has made it possible Lo reduce failure rates by a factor

of about ten in components procured to meef new military specifica-
tions.*® Failure rates as low as 0.001% in 1000 hr have been obtained
in some components made to special Air Force specifications for the
Minuteman Program;@l but Figs. 20 and 21 are still reasonably typical

of commercial equipment.

Overall Reliability of the Complete Power Plant

While it is not possible at this stage to establish absolute
values for the reliability of each of the six systems of Figs. 1
through 6, the information presented in the preceding sections indi-
cates that meaningful estimates of the relative reliabllities can be
mede, From the estimates of Table 24 and 27 it seems clear that the
incidence of mechanical failures will increase approximately linearly

with the number of loops in the system so that the probabilility that
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a single-loop system will run 10,000 hr withiout a mechanical failure
might be around 0.90, whereas the same data indicate that the corre-
sponding values for 2-loop and 3-1loop systems would be roughly 0.80
and 0,60, respectively.

The number of components and the number of control functions
both increase with the number of loops. Further, a perusal of Tables
26, 27, and 28 shows that the number of abnormsl combinations of con-
ditions and hence fallure modes increases rapidly with the complexity
of the power plant. While it 1s less obvious, the difficulty in dis-
criminating between tolerable abnormalities and those abnormal com-
binaticns that demand drzstic action becomes progressively more diffi-
cult at a rate that increases exponentially with increasing complexity
of the power plant. As a consequence, the number of electronic com-
ponents in the control system goes up rapidly and the reliability falls
off in a corresponding fashion. As a consequence, malfunctions in the
instrumentation and control equipment will lead to a much higher ineci-
dence of outages than will stem from mechanical failures, and the in-
cidence of these faillures in the electrical and control circuitry will
lncrease much more rapidly tnan linearly witn the number of loops.
Extensive experience indicates that it will be exceedingly difficult
to achieve a 0,90 probability that the control equipment for a l-loop plant
will operate unattended for 10,000 hr. The information available
implies that, because of the much greater complexity, the corresponding
value for a multi-loop system would be much lower — probably less than

0.20 for a 3-loop system.

Effects of Electric-Motor-Driven Pumps

In examining the reliability data to focus attention on the more
vulnerable components, it is clear that electric-motor-driven pumps
severely degrade the reliability of any system in which they are used.
Not only is there a substantial probability of a failure within the
motor-driven-pump unit itself, but system operating experience indi-
cates that the probability of a failure in the power supply, switch

gear, or control eculpment is even higher, making the overall probability
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of a pump outage unacceptably high., This is serious because a flow
stoppage in either the reactor coolant circult or the thermodynamic
cycle may initiate a chain of events that will release large quantities
of fission products to space, and this would lead to the deposition of
substantial amounts of radicactive material all over the spacecraft.
The results could be disastrous 1f a crew were present. While aux-
iliary or backup power systems may be used with any given electric-
motor-driven pump, and a number of pumps may be used In series or
parallel, the added complexity of the additional electrical equip-

ment — including switch gear and instrumentation — and the extra cooling
systems required for the windings of the electric motors make 1t doubt-
ful that the overall reliability of the complex can be raised suffi-

ciently to give a system with the required reliability.

Effects of Electronic BEquipment

As indicated in the previous section, ample statistical data
have been accumulated in the missile and space programs on the reli-
ability of components such as resistors, capacitors, transistors,
switches, ete. for electronic systems, and these data bave been orga-
nized into straight-forward tables by the Department of Defense.
Thus, if detailed circuit diagrams are available, 1t is possible to
make a sound prediction of the reliability of a piece of high quality
electrical or electronic equipment 1f the operating temperatures and
electric loads on the various components can be specified. In attempting
to analyze a typlcal pilece of electronic equipment for this study, the
relisbility of the simplest circuit that could be found for a voltage
regulator-generator exciter for a space power plant was examined. This
unit employs some 85 components such as resistors and silicon con-
trolled rectifiers. The probability of surviving for 10,000 hr as
determined from DOD tables for component reliability was found to be
0.58 — an unacceptably low value. Through the use cof redundancy and
much derating of components, it appears possible to increase the reli-
ability of such a circult so that the probability of surviving for
10,000 hr might be increased to as much as 90% or 95%, a barely acceptabls

value.
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A survey of the electronic circuitry required to carry cut the
control functions of Table 26 for normal operation of the once-through

5, and 6 indicates that the complexity of

boiler systems of Figs. 3,
the electronic equipment required for these systems will be far greater
than that of the voltage regulator clited above, and will approach or
exceed the complexity of the rsdar equipment of Fig. 19. Thus it
appears unlikely that any power plant of this complexity can be built
to operate unattended for 10,000 hr with a relisbility high enougn to
be acceptable for unmannec space missions. Extensive use of redundancy
and derated components would help, but it would not solve the problem
because these remedial measures complicate the circuits and afford
a2dditional unanticipated modes of failure (such as the failure of the
voltage regulator in the SNAP 10A in orbit and the widespread power
outage in the Northeast in November 1965). Thus an estimate of the
reliability of a complex control syshtem including all possible failure
modeg is very difficult 1o make even though a wealth of data are avail-
able on the reliability of the basic components. While maintenance of
the electronic equipment in manned missions would give a marked im-
provement in reliability, thls maintenance would reguire highly skilled
personnel, would be expensive indeed, and still might not be adequate
to avold serious damage to the system as a consequence of some chain
of events initiated by a failure in an electronic component.

Some indication of the seriousness of this problem is given by

the experience with package power reactor systems (pressurized water

1)

reactor-steam plants) used at Camp Century in Greenland and McMurdo
sound in Antartica. These have required operating crews of 25 to 30
men in five to eight man shifts for round-the-clock operations. The
expense of maintaining these crews has proved to be so great that the
military services have decided not to procure more of these plantis
until lower initial and operating costs can be achieved. This ex-
perience indicates that reliability should te a major consideration
in the cholice of a power plant just from the standpoint of the opera~

ting cr=w reguired.
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An indication that a single-loop system can be built and opera-
ted with little attention is given by a recent test in which a reduced
scale electrically heated mock-up of the MPRE was operated for over
2500 hr with only a 2-man crew during the day shift and no crew through
the nights and weekends.*2 No difficulty was experienced except with
the electric heaters, the electric power supply, and the related in-

instrumentation and control equipment.

Instrument Pickups

A mgjor factor affecting system reliability is the relisgbility
of the individual pickups in the instrumentstion called for by Table
28, Test experience indicates that the reliability of the sensitive
elements of these pickups leaves much to be desgired — enough so that
redundancy in the instrumentation is essential. This is easily accom-
plished for the thermocouples, since the sensitive elements are simple,
light, and compact. Unfortunately, many of the flowmeters, pressure
gages, and speed indicators currently available require cooling a
portion of the component to a temperature level of 1000°F or less.
Hence, new equipment must be developed or the installation of these
items will be subject to many limitations. Further, they are bulky
and heavy. Rather than install a multiplicity of these units, it may
e better to provide coincidence circuits so that a scram or drastic
set~back would require simultanecus sigaals from at least two indi-
cations of trouble, e.g., pressure and flow or pressure rise and pump

speed.

Hazards Considerations for Manned Vehicle Installations

For manned vehicles, the information in the preceding sections
implies that adequate protection against a major fission product re-
legse 1o space as a consequence of flow stoppage in the reactor circuit
can be provided only by using a vehicle tha®t is spun to provide a

centrifugal field. With proper design such an arrangement would provide
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a high level of assurance that coolant circulation through the core
would be maintained by natural thermal convection in a boiling potas-
sium reactor. The head that could be made svailable to provide thermal
convection in a liquid-cooled reactor would be much lower than in 3
boiling reactor. By opening up the coolant passages throughout the
system including the core and by proper disposition of equipment it
would prcbably prove possible to provide for afterheat removal from a
jiguid~cooled reactor in a l/r~g to l/Evg field., In any case, the
vehicle could be designed o that, in the very ualikely event of a
coolant lesk from the reactor system, the vehicle spin velocity could
be reduced wo a low level and the power plant jebtisoned to avoid
exposing the crew 4o 2 serious radistion hazard.

T

cystem I8 essential o isolate the reactor from the thermodynamic
cycle, 1t appears that the most rellable 2-loop power plant would be
one simllar to that of Fig. 3 but with & recirculating boiler and
vapor separator in place of the once-through boiler shown for *the
main Renkine cycle. While such a recirculating beoiler raises the sane
provlens as the MPRE relative to the control of free-liquid surfaces
under zero-g conditions, if these can be solved it wculd make it
possible to employ a set of control equipment that would begin to
approach the simplicity and rcliability of that projected rcr the

MFRE.
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5. ZERO-GRAVITY PROBLEMS

The difficulty of controlling free-liquid surfaces under zero-g
conditions was recognized at the inception of the studies that led to
the initiation of the MPRE program, and a small continuing effort on
these problems has been carried forward. However, directives from
the Atomic Energy Commission clearly gave this a very low priority,
and only a few experiments were conducted.*®’%* yWith the change in
jurisdiction for the MPRE program in July, 1965, the ORNL effort in
this area has been increased, and a report has been prepared to out-
line both the basic problems and a test program that appears to be
promising.45 This section prescnts a brief review of the problems
of controlling the free-liguid surfaces in the six different systems

of this study.

Systems Using Once-Through Boilers Coupled to
Iiquid-Cooled Reactors

The control of free-liquid surfaces under zero-g conditions
has appeared so formidable that sowme have felt that only the Rankine
cycle of Fig. 6 could be considered. The velocities through the
boiler would be sufficiently high that the control of the free-liquid
surfaces should not be a problem, and the system design would be such
that a high pressure drop would not ve objectionable. The 2~ and 3-
loop systems of Figs. 5 and 6 are typical of the systems that result
from this design philosophy. There is no choice in these systems but
to live with free-liquid surfaces in the condenser, but a number of

ero-g tests in aircraft indicate that this 1s feasible.

Provision for thermal expansion i1s clearly required in any all-
liguid circuit because the alkali metals expand about 20% for a tem~
perature increase of 1000°F. Further, both analog and test werk has
shown that an expansion tank in the Rankine cycle system is essential.”®®°
To avoid a free-liquid surface in these components, designers have

made use of a bellows-type of an accumulator. As indicated earlier
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in the report, reliability considerations appear to rule out this
"easy" solution to the problems of controlling the free-liquid sur-

face in the expansion tank.

Boiling Reactor Systems

As shown ia the previous sections of this report, the multi-
loop systems lead to serious performance and reliability penalties.
These are avoided in the system of Fig. 1 by accepting the difficult
development problems associated with controlling the free-liquid sur-
Taces in the vapor separator-expansion tank region. While system 1
also has the problem of developing a low pressure drop boller in which
boiling flow stability is more likely to be a problem than a high pres-
sure drop conce-through boller, this could be aveided through the use
of systems 2 or 3.

The problems of free-liquid-surface control in the boiler are
intimately associated with boiling flow stability. A substantial back-
ground of experience has been accumulated at ORNL to show that, with
suitable nucleation devices, good Tlow stability with excellent flow
distribution can be obtained under l-g conditions with full allowances
for variations in the radial power distribution and hot channel ef-
fects.®® A small 7-rod water boiler unit has been built with nucle-
ation riangs at the inlet designed as "hydraulic check valves" to give
double the press drop for reverse flow as for forward flow. This has
been operated satisfactorily both nearly horizontal and upside down,
and the flow has been stable. Flight tests to investigate its behav-
ior under zero-g conditions are planned for the spring of 1966. In
these tests the effects of design parameters will be investigated in-
cluding the use of textured surfaces designed to take advantage of
capillary effects to help distribubte the liquid film, and divergence
of the coolant passages in the direction of flow to introduce an ef-
fect that should contribute to stabilization of the flow.

The use of an accumulator employing bellows has been avoided in

the systems of Figs. 1, 2, and 4. The vapor separator and expansion
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tank combination assumed for these recirculating boilers makes use of
fluid dynamic forces including a substantial swirl in the expansion
tank to stabilize the free-liquid surfaces. A small unit of this type
has been flight tested with encouraging results,44 and flight tests

of a larger unit (about half the scale of the MPRE) are plaaned for
March, 1966.

The feasibility of controlling the free-liqguilid surfaces in a
direct condensing radiator with a large number of tapered tubes oper-
ating in parallel has been investigated by operating seven direct con-
densing radiators of this type with the tube axes horizontal or nearly
horizontal. Some have permitted direct viewing of the ligquid
flow. These tests have been conducted with hoth steam and potassium
vapor; the condensers have operated as predicted, the flow distribution
has been uniform, and the liquid holdup in the condenser has been lim-
ited to a thin liquid film on the walls coupled with liquid slugs in
the last few inches of the tube immediately ahead of the condensate
outlet manifold. A transparent condenser of this type with eight
parallel passages has been built and operated in the ILaboratory. Flight
tests are planned.

The free-liquid surfaces in these condensers are controlled by
making use of tapered tubes which meintain a high vapor velocity
throughouvt the length of each tube so that drag forces bhetween the
vapor and the liquid film on the tube walls serve to keep the film
moving at a sufficient rate so that its thickness is of the order of
5 to 10 mils. Subcooling between the condenser outlet and the con-
denser scavenging jet pump is employed to maintain cavitation sup-
pression head, Analytical work indicates that the flow distribution
should be good, and the flow through the system should be stable.

About 10,000 hr of ground test work with both water and potassium

support this conclusion.
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6. STARTUP PROCEDURES

A variety of startup procedures have been proposed by Atomics
International, CANET, Aerojet, and ORNI, for typical space power plants.
Each of these involves a preheating phase which may be accomplished
by any of several means including chemical fuel, preheating of the
system prior to launch, electrical heat, solar heat, or nuclear heat
from the reactor. This would be followed by a series of operations
culminating with connection of the generastor to the electrical system.
S0 many different approaches might bhe employed that it appears best
to consider Tirst a proposed startup procedure that has been worked
out for the MPRE, then examine the applicability of this to the multi-
loop systems, and finslly compare the resulting startup procedures

with others that have been proposad.

Proposed Startup Proccdure for the MPRE

Preneating:

A promising apprcach to the preheating operaticn is 1o make use
of shutters not only on the radiator but also between the external
surface of the shield and the space enclosed by the radistor (see Fig.
16). The latter set of shutters would be designed to open at tempera-
tures below about 500°F so that heat conducted from the surface of the
reactor assembly to the cuter surface of the shield will be emitted
to the interior of the radiator enclosure, As outlined in the section
on condenser temperature control, the shutters on the radiator would
remain closed until the radiator tube temperature rose above about
500°F. With this approach the heat losses from the complete power
plant assembly can be kept to something of the order of 3 kw for an
average assembly surface temperature of 150°F if gold-plated shutters
are employed, Thus the system could be heated by increasing the pover
gradually to about 3 kw (t) with no potassium in the system. If the

prensating were started with the system cold, the thermal inertia

sl
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would be so great that it would take about 100 hr for the temperature
of the power plant assembly to rise to the equilibrium values indi-
cated in Table 29. At this juncture all parts of the fluid systenm

would be well above the melting point of the potassium.

Table 29. Equilibrium Conditions After
Preheating Prior to Start-up of the
2.2 Mw (t) Power Plant of Fig. 16

Radiator surface area, ft% 500
Shutter emissivity (each surface) 0.02
Reactor thermal output, Kuw 3
Btu/hr 10,000
Surface heat flux, Btu/hr-ft2 20
Shutter temperature, °R 910
Reflector emissivity 0.0k
Radiant heat transmission factor 0,013
Reflector temperature, °R 1120
Shield surface emissivity 0.90
Shield surface area, [t® 100
Shield surface heat flux, Btu/hr-ft2 100
Radiant heat transmission factor 0.17
Shield surface temperature, °R 1260
Radiator tube temperaturs, °R 1020
Turbine-generator temperature, °R 1160
Reactor pressure vessel temperature, °F 1460
Reactor core central temperature, °R 1860

Starting the Boiler in a Spinning Vehicle
g g

If the system were mounted in a spinning space station so that
the centrifugal field would be avalilable to give an artificial gravi-
tational field the system could be filled with potassium and the
start-up procedure could be essentially similar to that employed Ffor
the ORNL test rigs.

This entails filling the boiler with the proper amount of potas-
sium when the temperature of the system is above about 200°F. The
boiler power can then be increased gradually, vapor condenses in the
radiator, and the potassium refluxes by natural convection as a con-

sequence of the large difference in density between the vapor in the
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riser to the condenser and the liquid in the condensate return lines.
The power can be increased gradually or rapidly until the turbine-
pump unit starts. This has been accomplished many times in a few
minutes in water systems. To date 10 min or more have been taken for
this step in potassium systems, but there appears to be no reason why

it could not ke accomplished mcre rapidly.

Starting the Boiler Under ZYero-g Conditions

I the power plant were static under zero-g conditions, a promi-
sing approach appears to begin injecting potassium into the reactor
core inlet at a rate such that the exit vapor quality will run around
1%. The strong wetting characteristics of the potassium, possibly
aided by a textured surface on the fuel elements, would distribute the
potassium fairly well throughout the core. The potassium would be pre-
heated with the rest of the power plant. The 11l tank would be lo-
cated so that its temperature would be close ¢ the reactor temperature
to minimize thermal sitresses during the injection operation, Bolling
wonuld start as soon as the potassium reached the reactor core, and
vapor would bhe evolved. Because of the fairly strong negative tempera-
ture coefficient, the cooling of the reactor core associated with toil-
ing of the potassium would lead to an increase in reactivity, and hence
an increase in reactor power sufficient to hold the mean fuel tempera-
ture nearly constant., The potassium injection rate would be scheduled
to incresse in a manner such that a low vapor quality would be main-
tained at the core outlet while the power would increase from aboul
3 kw to perhapvs 50 kw in about 2 min, by which point the free-turbine-
driven feed pump should start.

It is possible that sufficient potassium vapor from the boiler
would condense in the turbine casing and be drawn into the bearings by
capillary action te provide lubrication before the rotor would start
to turn, but it would probably be bethter to begin to provide a positive
supply of potassium to the bearings when liquid potassium injection to
the boiler is initiatad. While there would probably be a substantial

amount of 1liquid carried with the vapor through the vapor separator
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during the first minute or two, the total amount of liquid injected
to the boiler in the first 2 min would not run much more than the
liquid inventory required to £ill the condensate return and boiler
feed lines. By the end of 2 min of injection normal operation of the
feed pump should begin.

If desired, a small, low head, electromagnetic pump might be
located just downstream of the radiator scavenging Jjet pump to act
as a check valve to prevent the priming charge from entering the
radiator, and to assure a small driving force to scavenge ligquid from
the condenser and move it into the centrifugal pump during the initial
phases of the start. It is likely that this would not be necessary
because capillary forces acting on the free liquid surface in the
tapered tubes near the outlets would start the liquld moving toward the
radiator scavenglng Jet pumps.

The jet pumps scavenging the radiator would not, of course, begin
to work until the turbine pump had started to discharge liquid. This
could not occur until liguid had filled the lines from the radlator to
the centrifugal pump and from the centrifugal feed pump to the jet pump.

To assure Tilling of these lines 1t will be necessary to provide
gaps in the shutters at the bottom of the power plant package and arrange
the reflective insulation in that region so that the condensate return
piping will reach an equilibrium temperature of 100°F to 200°F below
that of the condenser and other parts of the system before the beginning
of injection. Thus the higher vapor vressures both in the condenser and
in the boiler would act to fill the condensate return lines with liguid.
By proper design of the fluid flow passages so that they will act as hy-
draulic check valves (i.e., have a greater pressure drop for back Tlow
than for forward flow) it appears possible to obtain satisfactory filling

of the liquid lines without the use of valves.

Starting the Turbine-Generator

The greater mass of the rotor for the turbine generator coupled
with magnetic forces will keep it from starting until the boiler power
output is increased gubstantially beyond that required to start the

turbine-pump unit. Conseqguently, start-up of the turbine-generator
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can be deferred until the fluid system has been monitored thoroughly
to make certain that the reactor, turbine-pump, condenser, etc. are
functioning properly. The boiler power can then be increased until
the turbine-generator unit starts, and increased further until 1t is
brought to the desired speed. The reactor operation up to this point
would be based on a neutron flux signal, but control would now be
transferred to equipment designed to hold the generator output volt-

age and/br frequency constant as outlined in Section 4.

Connecting the Generator to the ILoad

On completicn of the sbove operaticns the generator would be
coupled to the electrical distributlion system of the spacecraft and
the lcad increased gradually by switching on first one and then znother

component of the electrical load.

Comparison of Start-up Problems for Typical Systems

Since it is tedious to folilow thrcugh the details of the start-
up procedure For each of the six systems of this study, 1t seems best
to consider just two - the single-loop system of Fig. 1 and the 3-
loop system of Fig. 6. To this end the steps in a zero-g start-up
of the MPRE presented above have been taken as typical of single-loop
systems and are summarized in Table 30, Table 31 summarizes the corre-
sponding steps required to start up a 3-loop system following a pro-
cedure similar to the latest outlined by CANEIP® except where simpli-
fications dmplicit in this study (such as thermostatically controlled
radiator shutters) could be included.

It is evident that the programming equipment required for the
3-loop system 1s much more involved than thal required for a single-
loop system. All of tne five steps required for the single-loop system
have essentially identical counterpsa:ts in the procedure for the 3-
loop system, and the latter has seven additional steps that have no

counterparcs in the single-loop system.
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The procedure for starting up the single-loop system of Fig. 2
would be the same as given in Table 30.

The procedure for the 2-loop boiling reactor system of Fig. 3
would be a bit complicated. The preheating of the system, filling of
the reactor circuilt, and starting of the reactor circuit pump would
be similar to steps 1 and 2 of Table 30. The balance of the procedure
would be similar to that of Table 31, from step 6 on except for step
11, giving a total of eight steps. (Note that a recirculating rather
than a once-through boiler would eliminate two of these,) The pro-
cedure for starting the 2-loop system of Fig. 4 would be similar to
that of Table 30 except that steps 4 and 5 of Table 31 would also be
reguired, giving a total of seven steps.

The procedure for starting up the 2-loop liguid-cooled reactor
system of Fig. 5 would be similar to that outlined in Table 31 except
that steps 4 and 5 would be eliminated and step 7 would be simplified

by the use of a direct condensing radiator.

Table 30. Zero-g Start-up Procedures for the MPRE

1. Start reactor with the potassium system dry and the power plant
at 6C°F. Increcase the power to about 3kw in a period of aboutb
1 hr using neutron flux as the basis for control. About 100 hr
will be required to heat the power plant to equilibrium where the
temperature distribution will be about as indicated in Table 29.

2. Begin injecting potassium to the reactor core inlet plenum with

the injection rate scheduled to begin at 0,01 lb/sec and rige to
0.4 lb/sec at the end of 2 min. (The reactor control plugs would
not move because the temperature coefficient would act to increasse
the reactor povwer sufficiently to hold the mean core temperature
constant at about 1100°F.) The turbine driven feed pump would
start after about 2 min from the beginning of the injection. Tem-
peratures would be allowed to stabilize for about 20 mian with the
reactor at constant power and the turbine-pump unit operating.

3. Increase the reactor power and outlet temperature about 50°F at
which point the turbine-generator should start to rotate, and then
increase it further until the generator reaches the proper speed,
(At this point the reactor would be at about 15% of design output.
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Table 30. (continued)

Switch the reactor control from a scheduled neutron flux to equip-
ment designed to maintain a constant generator frequency.

Connect the generator to the electric power distribution system.

Table 21. Zero-g Start-up Procedure for the
3-Loop System of Fig. 6, 2.2 Mw(t)

10.

Start reactor with the potassium system dry and the power plant
at OC°F. Increase the power to about 3 kw in a period of about

1 hr using neutron flux as the basis for control. After about
100 hr the system temperatures will reach equilibrium at which
point the temperature distribution will be similar to that shown
in Table 29 except that the radistor temperature would be about
200°F lower.

Fill the reactor fluid circuit.

Start the reactor circuit pump and begin circulating the reactor
coolant,

111 the radiator fluid circuits.

Start the pumps in the radiator fluid circults.

Increase the reactor power to bring the reactor coolant outlet
temperature to the proper value for starting the boller.

Begin inJjecting potassium into the boiler at a rate scheduled to
increase from an initial rate of about 0.002 lb/sec to about 0.10
lb/sec after 2 min. This should start the free turbine~driven
feed pump. Begin operating tlhe equipment designed to maintain the
proper liquid inventory in the Rankine cycle system.

Switch the reactor control from a neutron flux schedule to a sched-
ule based on the amount of superheat in the vapor leaving the boiller.

Increase the boiler output until the turbine-generator starts, and
then increase it further until the generator reaches the proper
speed,

Switeh in the control equipment designed to actuate the throttle
valve in the boller feed line and thus adjust the boiler output
to hold the generator output voltage and/or frequency constant.

One at a time switch the electric motor driven pumps from their
battery-inverter power supplies to the gencrator,

Connect the generator to the electric power distribution system.
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Comparison with CANEL Startup Procedures

The primary difference in the procedure for a 3-loop system startup of
Taole 31 and one suggested by CANEL,” is that in the CANEL sequence the
electric motor driven pumps are started at the initiation of the actual
startup sequence. This entails the use of a 150 kw-hr separate power
supply (~25% used for the power conversion loop pump) and shut-off valves
in the bearing feed lines to the turbine-generator unit and at the con-
denser outlet. Also a prelaunch system heating scheme is proposed but
obviously is of no use for a re-start. Precharging of the reactor coolant
loop and the radistor NaK loop is adopted, although this too may not be
acceptable for the re-start case.

While the sequence proposed by CANEL could have been adopted in lieu
of Table 31, i.e., potassium vapor could be injected to the pump turbine
for startup before bringing up the reactor power, it was felt that a
better system reliability could be achieved by eliminating the valves,
particularly for the zero-g re-start case. 1In both cases it is recognized
that the startup procedures as outlined are somewhat oversimplified in
that such "small" intermediate steps as verification of temperatures, etc.,
and the other indications of the satisfactory ccmpletion cof the previous
steps are omitted. It is also important to reslize that at the current
state of zero-g system experlence the above procedures should be viewed
a5 possibilities only and are subject to change as more knowledge is

developed.




7. MAJOR PROBLEM AREAS

Bach of the systems considered in this study involves problem
areas that could prove so difficult as to make a truly operational
system vnattainable. It appears in order to list these major problem

areas together with others tThat appecar o be extremely important.

Ceneral Problems Involving All Systems

1. The reliability of itne electronic control equipment inher-
ently reguired for normal operation of 2-, and 3-loop systems as de-
termined by applying Department of Defense tables for the reliability
of electronic components may be too low to be acceptable. (The cir-
cult diagrams used in any such analysis should be for systems for
which there 1s at least sufficlient data to have permitted the con-
struction and coperation of an electrical analog to provide a basis
for the design of the circuit diagrams. The analysis skould include
the instrumentation required to provide the necessary iaput to the
electronic equipment.)

2. The extent to which mass transfer and corrosion may present
problems in boiling potassium systems has not yel been demonstrated
by 10,000 hr endurance tests with either stainless steel in the 1500°F
to 1600°F range or with refractory metal in the 20C0°F range. (To be
signifTicant the systems should include bearings lubricated with po-
tassium, and should have surface-volume ratios and temperature dis-
tributlions similar to those of a full-scale space power plant as well
as all types of materials normally required.)

3. The effects on mass transfer and corrosion of the use of
stainless steel In the condenser of a potassium system with a 2000°F
refractory metal boliler has yet to ve demonstrated by a 10,000 hr
endurance test.

4. The feasibility of building and operating a generator with
potassium-lubricated bearings and potassium-cooled windings has yet

to be demonsirated by a Jong endurance test.
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5. The reliability of free~turbine-driven centrifugal feed pumps
employing potassium~-lubricated bearings has been demonstrated by only
one 2500 hr test.

6. The feasibility of using thermostatically controlled shutters
on a space radiator to maintain the condenser temperature within accept-
able limits and the reliability of the mechanism required has yet to
be demonstrated. experimentally.

7. The effects of design parameters on the cavitation perform-
ance of jet pumps operating in potassium have not yet been investigated.

8. The limitations imposed on the design of centrifugal and jet
pumps by the possibilities of cavitation damage are not yet well defined.

9. 'The effects of tapered passages and hydraulic check valves
on the flow stability of bollers.requires further investigation.

10. The flow distribution and flow stability in multiple passage
condensers under zero-g conditions has not been definitively demon-
strated,

11. The control of free-liquid surfaces in expansion tanks under
zero~-g conditions by spinning the liquid inventory may introduce seri-

ous problems when the tank is incorporated in a system.

Systems Employing Once~Through Boilers

12, The control of once-through boiler systems requires complex
electronic equipment that appears to have an unacceptably low relia~
bility.

13. The reliability of throttle valves including the actuating
mechanism appears to be unacceptably low.

14, The relisbility of liquid accumulators, particularly those

employing bellows appears Lo be unacceptably low.

Iiguid-Cooled Reactor Systems

15, The reliability of electric motor-driven canned rotor pumps

for handling 1900°F liquid metal appears to be unacceptably low.
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16, Afterheat removal in the event of accidents presents major
problems.
17. 'The reliability of liquid accumulators employing bellows

appears to be unacceptably low.

Single-Ioop Systems

19, The flow distribution and flow stability in relatively low
pressure drop multiple passage recirculating beoilers may not be satis-
factory under zero-g conditions.

20. The feagibility of starting a recirculating boiler follow-
ing a procedure similar to that cutlined in the previous section has
yet to be demonstrated. (This werk should include an investigstion
of the effects of textured surfaces designed to take advantage of
capillary effects. )

21. The burnout heat flux limitations in boiling potassium-
cooled reactors is only sketchily defined. (To do this in the 2000°F
range will require the development of a suitable refractory metal elec-
tric heater rod.)

22, The amount of fission product contamination to be expected
in the radiator of a single~loop system if a Tuel clement leak were
to develop has not been well established experimentally. (This could
be done by running a deliberately defected fuel element in boiling
potassium in-pile.)

23, The amount of activity that might be carried from the reactor
core to the condenser of a single loop system as a consequence of mass
transfer has not been established experimentally. (This could be done
by running a small potassium system with Firerods that have been acti-

vated by neutron irradiation.)
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