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ABSTRACT

Manned space laboratories and stations are an integral part of the National
Space Program and are currently in the planning phases within both NASA and
the USAF. These laboratories and stations will require sizeable amounts of
on-board electric power to perform their life-support, guidance and control,
communications, and operational functions. Nuclear power systems currently
under development in the USAEC's SNAP Program offer many advantages as
prime power sources for these laboratories and stations, i, e., a high power-
to-weight ratio, low radiator areas and therefore low drag and minimum
propellent inventory for station keeping in low earth orbit (150 to 350 n-mi),
no effect on power production during the sun-shade orbital transient, no com-

plex sun orientation required during the sun portion of the orbit, etc.

The SNAP nuclear power system which appears to offer the most potential
for these applications in the 5 kw to few hundred kw power range with lifetimes
greater than several weeks, is the zirconium-hydride-uranium thermal reactor
coupled through a NaK loop to a Mercury-R.nkine Power Conversion System.
This system is currently under development by the USAEC and could be qualified
and ready for use during the 1970 to 1980 time period. Preliminary designs of
this system at 5, 10, 15, and 20 kwe power levels give unshielded system
weights (including one redundant power conversion system) of 1850, 2530, 3230,
and 39401b, respectively. Shieldingfor 90-dayon-orbit staytimeina 10-ft-diameter
space station results in total plant weight for these power levels of 4310, 5040,
5760, and 6470 1b.

NAA-SR-9715
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I. INTRODUCTION

Earth orbiting research laboratories and stations occupy a major role in
the National Space Program and are currently in the final planning stages in
NASA and the USAF. NASA is initiating development work on extended Apollo,
a 45- to 120-day orbiting version of the Lunar Apollo System. This develop-
ment is expected to lead to the Apollo Orbiting Research Laboratory (AORL)
with orbital life times of 1 yr or more. Other NASA study programs include
the Manned Orbiting Research Laboratory (MORL), a 6-man, l- to 5-year
lifetime system, and the Large Orbiting Research Laboratory (LORL), a 30- to

40-man system.

The USAF has initiated development on the Manned Orbiting Laboratory
(MOL), a 2-man, 30-day cylindrical laboratory which is being developed to de-

termine the military role of man in space.

Each of the foregoing laboratories and stations requires significant amounts
(3 to 50 kwe) of reliable, long duration electrical power for life support, en-
vironmental control, communications, station control, and operational functions.
As mission lifetimes exceed several weeks in duration, nuclear power systems
become advantageous as prime power sources. This report discusses in detail
the significant design and operational features of an attractive nuclear system
in the 5 to several hundred kwe range, the zirconium hydride reactor — Mercury
Rankine Power Conversion System. This system is designated in this report

as Nuclear Power Plant — Mercury Rankine (NPP-MR).

Major emphasis is placed on plants in the 5- to 20-kwe range, but some
attention is devoted to systems capable of higher power levels. Main elements
of the overall system are: (1) reartor subsystem and biological shielding; (2)
primary subsystem coolant (NaK) loop; (3) power conversion subsystem (PCS);
(4) radiator/condenser (RC), which also acts as the main structural member of
the plant; and (5) electrical and control equipment. An artist's concept of an
NPP-MR powered station in space flight is shown in Figure 1. The general
process is schematically pictured in Figure 2 with only a single module in the
PCS shown. A building block approach is adopted for the power conversion sub-
systems based on using an assembly of 3- to 5-kwe modules to furnish the total

power level,

NAA-SR-9715
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The technology for these 3-kwe modules is in a state of advanced develop-
ment as a result of extensive engineering, design, and test activities conducted
during the past 7 yr on the AEC SNAP 2 program.* The necessary performance
characteristics of all basic components have been demonstrated, and each unit
has either completed, or is at some advanced stage of endurance testing.
Startup and reliable long-term operation of the reactor and the 3-kwe rotating
machinery has been achieved. Tests, including simulated orbital startups, of
integrated (single module) systems are well underway and verify performance
predictions. Along with the benefits of early availability, the modular approach
offers reliability (achieved in part from the use of spare or standby modules),
relative economy, and flexibility which extends the permissible lead time in a

particular space station program before final electrical requirements must be

fixed.

While the need for such operations is not anticipated, NPP-MR systems
are designed to be capable of being shut down and then restarted a number of
times in orbit. Also, the engineering and testing carried out in support of a
planned flight with an Atlas-Agena booster has demonstrated the ability to meet

structural space vehicle interface requirements,

The material discussed in subsequent sections is listed in the order of its

treatment in the text. The material is intended to:

1) Summarize the general considerations pertinent to all design aspects

of NPP-MR systems for space station applications;

2) Provide extensive parametric information which may be used by de-
signers in developing realistic preliminary estimates of NPP-MR
characteristics for space stations of various sizes and configurations,

with emphasis on the 5- to 20-kwe range;

3) Provide in some detail preliminary designs of 5~, 10-, 15-, and

20-kwe plants for use with a 10-ft diameter cylindrical space station;

4) Present briefly the characteristics estimated for NPP-MR systems

of sizes up to 300 kwe;

5) Review in some detail the current advanced state of technology of

such systems.

*SNAP 2 was the designation of the flight test program for the reactor powered
3-kwe system with mercury Rankine power conversion. The current technology
program has been renamed the Mercury Rankine Program.

NAA-SR-9715
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Il. GENERAL CHARACTERISTICS OF NUCLEAR-MERCURY RANKINE SYSTEMS

This section contains briefdiscussions of generaldesign and operational
characteristics of reactor-mercury Rankine power systems for spaceapplica-
tion. Special attention is given to power plant-payloadinterface characteristics.

In Part IV, the features of a particular system design are deal with in detail.

A. GENERAL DESCRIPTION

The primary element of the power plant is the reactor. Nuclear and mat-
erials considerations indicate that the most suitable reactors for the energy
levels of interest, i.e., 5 kwetoseveralhundred kwe, should operate in the
thermal-epithermal neutron energy spectrum and should be hydride moderated.
The resulting reactor is of small size and light weight SNAP 2/10A and 8
reactors are in this category and are very similar in design.l’2 The reactor
core consists of a number of homogeneous uranium-zirconium-hydride fuel-
moderator rods. The high content of hydrogen in the fuel results in a small,
compact core. The SNAP 2/10A reactor envelope is about 20.8 in.* indiameter
by 15.5 in. high; SNAP 8 is slightly larger. Heat removed from the core by
low pressure (15 psi) NaK coolant is used (in Rankine systems) in vaporizing
Hg in the boiler. The small size and resultant high-neutron leakage of the
reactor core permits effective reactor control by means of movable drums in
the beryllium reflector. This external reflector control feature preserves the
compactness of the reactor and results in a mechanically simple and reliable

control system.

A number of interdependent factors play roles in determining the specific
power capabilities of SNAP type reactors. Reactor stability, operating tem-
peratures, fuel life, and available reactivity control are but a few. The S2/10A
and S8 reactors are capable of meeting the power demands which are expected

to develop for space stations in the near future.

The Hg Rankine power cycle offers the advantage of high thermodynamic

efficiency and exhibits the smallest area requirements per unit power output of

*With control drums full out the envelope diameter is 23.1 in.

NAA-SR-9715
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any conventional power plant thermodynamic cycle. It is for these reasons that
Rankine cycles have historicallybeenchosenfor high performance nuclear and
solar power systems. The essential items of equipment for such a system
are the boiler, radiator-condenser (RC), turbine, alternator, and mercury
pump, as indicated in Figure 2. Liquid mercury is supplied by the pump to the
boiler where it is vaporized. Additional heat is added to superheat the vapor
thereby minimizing the possibility of turbine blade erosion due to liquid
carryover. The superheated vapor expands adiabatically through the turbine
to a low pressure, with that turbine extracting energy from the flowing vapor
stream. The energy is then converted to electrical power by means of an
alternator. Mercury exhausting from the turbine is condensed and subcooled
in the RC after which it flows to the pump suction, thus completing the cycle.
In the NPP-MR system the turbine, pump, and alternator constitute a single
unit called the Combined Rotating Unit (CRU.) The present CRU is suitable

for 3 kwe service, and has been operated as high as 5 kwe.

B. PLANT RELIABILITY AND LIFE

For manned space stations, reliability is a prime consideration. There are
well accepted methods for prediction of power system reliability based onthe indi-
vidual reliabilities of the system elements. Human presence inthe space craft will
effectivelyincrease system reliability, sinceto some degreetesting, maintenance,
repair, and replacement of certain parts (particularly electrical and controlcom-
ponents) will be possible. Designobjectives and component allocations for relia -
bility of anuclear space power plant are predicted on achieving an overall system
reliability of 0.95 - 0.99, whichseemstobe inthe range of manned space sta-
tion requirements. The demonstration of reliabilities in this range at a reason-
able confidence level for a particular system, however, is very expensive since
numerous replications are required. This is illustrated in Figure 3 for the
case of a 15-kwe system consisting of three 5-kwe modules and one standby

unit.

In ordertoachieve high reliability at an early date, it is desirable to adopt
a modular approach to build up high powered systems using SNAP com-
ponents already developed. Also, greater reliability can be achieved early
through the use of increased design margins, quality control, maintainability,
and increased redundancy in system components. Anexample of improving

reliability through using large design margins is the provision of a

NAA-SR-9715
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40 stress margin against structural failure due to all critical loads and oper-
ating conditions. Another illustration is the practice, in sizing R/C area, of
providing a 3¢ overall heat transfer margin based on specified tolerances in

flow regulation, material properties, etc.

Use of multiple PCS modules provides redundancy which will allow continued
operation at less than rated power in the event of failure in a module, The use
of one or more standby units in excess of those needed for the design power
level can considerably increase the reliability of providing full power during
the mission, while increasing total plant weight by a small percentage. These
and other design characteristics of multiple systems are discussed in more

detail in Part 1IV.

The effectiveness of the redundant loop approach in increasing system
reliabilities is illustrated in Figure 4a. The curves are based on 5-kwe
module power rating and tentative NPP-MR potential reliability objectives
shown in Table 1. Information relative to the development of these curves is
given in Appendix B. For a given reliability of each 5-kwe PCS module, the
reliability required of the reactor and primary loop to achieve overall reli-
ability of 0.98 is shown in Figure 4b, assuming one redundant PCU in each
system and the NPP-MR reliability objectives. The minimum design objectives
for major parts of the system are summarized in Table 1. These values repre-
sent reasonable goals which probably can be realized during the normal course

of development activities.

An important factor in power plant reliability is the reactor. The tentative
SNAP 2 reactor-control near term design reliability objective is 0.977. Signif-
icant strides have been made toward demonstrating the reliability of the reactor
and its control system, as discussed in VI. Programs are underway to further
increase SNAP 2/10A and 8 reactor reliabilities by providing generally greater
design margins and total or partial redundancies in items such as startup pro-
grammer, startup and control drum release and drives, temperature sensor-
switches, controller, and safety circuits. Excess reactivity available over the
reactor design life provides, in effect, a redundancy or surplus of fuel elements
in that some may fail without resulting in unacceptable loss of reactivity. A
similar reliability picture exists for the control drum system. Manual over-

ride and switching provisions add further reliability. Still further increases in
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design reliability may be obtained using redundant reactors.
dual SNAP 8 units have been made,

about 2,000 1b.

Design layouts of

and the weight penalty was found to be

Finally, the use of passive reactor control for long-term oper-

ation will further improve reliability.

TABLE 1

NPP-MR RELIABILITY OBJECTIVES

Early Program Objective Estimated Potential Reliability
90-Day 1-Year 90-Day 1-Year
Startup Endurance [Endurance Startup Endurance |Endurance
Reactor-shield {0.9901 0.9936 0.9744 0.9999 0.9992 0.9966
and primary
subsystem
Power conver- {0.9748 0.9819 0.9789 0.9995 0.9965 0.9858
sion system
Structure radia-{0.9968 0.9982 0.9928 0.9999 0.9996 0.9983
tor condenser
assembly
Startup control (0.9789 0.9995
Steady-state 0.9894 0.9579 0.9931 0.9724
control
Total system 0.943 0.964 0.861 0.9989 0.9984 0.9536
Total system 0.9994 0.9952 0.9799
with redun-
dant startup
and steady-
state controls

Recent studies indicate this control mode is effective and does not cause

excessive swings in operating temperatures and other characteristics.

The factor that controls power plant life is the reactor, assumingthat adequate
shielding against meteoroid puncture is provided. (Thereis some weight penalty
involved in establishing very high probability that meteoroid puncture failure will
not occur). Useful reactor life depends onanumber of features including reactivity

characteristics, fueltemperature, fuel rod integrity, and power level. With

NAA-SR-9715
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the present SNAP 2/10A design, the life limitation is due to reactivity. Con-
siderable extension of reactor longevity could be derived from changes in such
variables as the control scheme (prepoisoning distribution) and fuel rod size.
However, with the present reactor, a one to two year design life is reasonable
for all power levels of interest for both SNAP 2/10A and SNAP 8 cores. Some
power plant concepts suitable for long missions (> one year) incorporate
reusable radiation shields. Eliminating the need to replace the comparatively
heavy shield each time the power plant is replaced can allow a worthwhile re-
duction in logistics support costs. (Reusable shields will however incur an
initial launch weight penalty.) For the power plants discussed in this report,

shield lives in the range 5 to 10 years may be expected.

C. SAFETY

The nuclear safety aspects may be divided into several chronological phases:
(1) transportation, ground handling, and launch; (2) reactor startup; (3) steady-
state operations; (4) reactor shutdown; and (5) disposal. These phases are dis-

cussed in order below.

Nuclear safety problems during transportation, ground handling, and launch
will be minimal. The requirement limiting nuclear operation (at very low power)
prior to shipment results in an almost insignificant fission product inventory and
associated radiation levels. During transportation and ground handling, mechan-
ical control drum interlocks coupled with specially designed reactivity protective
devices and shipping containers will prevent the occurrence of accidental reactor
criticality. During final countdown and preorbital flight, precautions ordinarily
taken for range and flight safety will be adequate for public protection and (along
with design safeguards) for operations personnel. Tests have shown that reactor
criticality due to forced drum insertion from land impact (launch pad accident)
of the unit is not credible. However, if the package impacted in water or other
hydrogeneous fluids during a launch abort, and was immersed sufficiently, the
reactor would most likely undergo a self -terminating power excursion. The
maximum energy release from such an excursion would be ~70 Mws. Direct,
prompt, radiation exposure of personnel from such an incident would be negli-
gible because of the normal exclusion distance required. The closest possible
operations personnel would be a distance of approximately 1400 ft from the

launch pad. They would normally be housed in an operations building with a

NAA-SR=-9715
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self-contained ventilation system and walls 1 ft thick or more. If these
personnel were outside the building and directly downwind of the reactor, they
could receive a maximum of 2 rem from external cloud dose, and the total
potential thyroid exposure due to inhalation would be 19 rem. These doses are
not excessive. The corresponding unattenuated external and inhalation doses at
a range of 10,000 ft are 0.2 and 0.9 rem, respectively. Launch aborts leading
to downrange ocean impacts could also result in similar nuclear excursions,

but the general absence of population would preclude significant hazards.

Both mechanical and electrical interlocks will restrict control drum rotation
during launch until orbit attainment, at which time the normal reactor startup
would be initiated under the cognizance of the station operator. Control drum
lockout pins will be explosively removed as part of the startup sequence. Startup
of the reactor will be done with all drums actuated simultaneously. This serves
to minimize shielding requirements and provides redundance. The system is
designed to allow manual override of the control drums at any time. The elec-
trical controller gear will desirably be located in the manned compartment, so

that it may be easily replaced and maintained without system shutdown.

Redundant temperature instruments and controls are provided for reactor
control (see Section IV-B). Either of these instruments may be selected by the
station operator to provide the drum "in'" or "out' signals sent to the independ-
ently powered controllers. The high level of redundancy in this control system
should prevent any power or temperature overshoot. If such an unlikely event
should occur, the information and alternatives provided the operator via a
single control console, combined with the relatively long time (several minutes)
available for corrective action to be initiated, would prevent the occurrence of

any mission damaging reactor excursion.

Radiation shielding must be provided for protection of the astronauts during
the mission. No permissable radiation dose for manned space flight has been
formally established by any government agency; however, biological tolerance
limits to radiation exposure have been fairly well defined. Whether or not a
space station employs a nuclear power plant, a radiation problem exists because
ofthe environmental radiationbelts present inthe space environment. Itis expected
that for space stations with NPP-MR, optimum (with regard to weight) shielding

against space and reactor radiation will result in the astronauts receiving a
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much higher radiation dose from the environment than from the reactor. Dis-
cussions of the biological effects of radiation and the space environment are
presented in Appendix C. The actual design of radiation shielding is discussed

in Section III of this report.

After the useful life of the nuclear plant is over, the power package could
be separated from the manned space craft by cold gas jets and disposed of by
injecting into a much longer life orbit. A new power system would then be in-
stalled in its place. Ultimate reactor shutdown can be assured by manually
controlled reflector ejection. Disposal and subsequent decay of the spent power
plant poses the greatest potential safety problem. It is possible to transfer the

spent plant to a long-lived orbit to allow radioactive decay of fission products.

The plant might reenter the atmosphere after a shorter time either due to
malfunction or as part of the disposal plan. With employment of one or more
of severalpossible positive means of core disassembly-fuel element release,
fuel element burnup is fairly certain. Even without assured burnup, thehazard
is not significant as indicated in Figure 5. These curves are based on thevery
conservative assumption that the reactor is disassembled but not burned up
during reentry, and that the dose is due to the exposure of a man to a whole
fuel element at a distance of 1 ft for one hour. The ultimate reactor shutdown
and disposal method will await more detailed Aerospace nuclear safety studies

evaluation of specific space station operations.

D. MECHANICAL CHARACTERISTICS

The power plant package must be designed to withstand a variety of load
conditions and fall within certain structural and stability constraints when
integrated with the vehicle. The reactor is normally positioned in the system
in such a fashion that radiation will not be scattered from other parts back into
the space station. This normally places the reactor at the far end of the power
package from the station (see Figure l). Contiguous to the reactor is the shield,
and the remainder of the system then lies between the shield and the manned
craft. SNAP 2 flight system engineering experience indicates NPP-MR's are
capable of meeting all expected mechanical interface requirements and

structural and stability constraints.
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The sequence of events from launching through long-term operation in orbit
resultsina variety of design environments for the power plant. The structural
loads encountered during the early phase of flight include lift off shock, vibra-
tion, and acoustical noise. In the next flight phase wind loadings occur, giving
rise to an angle of attack combined with high dynamic pressure —these result
in comparatively high bending loads in the power plant structure. After com-
pletion of this flight phase, maximum acceleration is reached and temperatures
of the structure rise due to aerodynamic heating. In studies of SNAP 2 launch-
ing of Atlas-Agena vehicle, it was found that maximum temperatures reach
about 810°F for the case of an aluminum steel RC, and 680°F for a honeycomb
RC. Radial differences in temperatures across the RC structure reach a max-
imum of about 300°F and 260°F for the honeycomb and aluminum steel units,

respectively.

The structural integrity of the SNAP 2 flight system has been shown by
component and system tests covering the envelope of environmental conditions
represented by the combinations of loads previously mentioned. As discussed
in subsequent sections of this report, the power package heights and diameters
for manned stations will exceed those of the flight system. However, studies
have indicated that the external loading and heating conditions outlined in the
preceding text should be less severe with a Titan III vehicle than with the
Atlas-Agena, and all present components and the overall system are capable

of withstanding this environment.

After orbit has been established, system startup will begin and the rela-
tively slow rates of temperature increase in different parts of the system will
preclude adverse thermal stresses. During steady-state operations, some
components will experience cyclic temperature swings of as much as 50 to 60°F
if the station is traveling in a sun-shade orbit. It is easy to design these com-
ponents with a safe margin against thermal fatigue. Also, there will be small
vibration-induced loads due to expected CRU rotor imbalances (approximately
600 cps). However, these induced loads are small and may be isolated to avoid

design problems.

The influence of powerplant angular momenta and torques on overall space
station stability should be very small. The spinning axis angular momentum of

any spinning stations will be so large that any effects due to the powerplant on
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station stability will be negligible. For any inertially oriented space station,
the penalty in stabilization system weight necessary to compensate for power
plant effects would not exceed 100 lb, assuming the design of station and plant
was done in parallel. Even comparatively small, zero-g, earth-centered
stations should present no significant problem. NPP-MR torques and angular
momenta may be constrained within allowable values by steps such as balancing
multiple CRU's against one another, designing fluid flow paths in such a way as
to have cancellation of angular momentum, and balancing magnetic torques of
thermoelectric pump magnets against one another. These design techniques

have been explored and found feasible.

As representative values, the principal steady-state angular momenta and

torque for the SNAP 2 flight system (one CRU) are listed in Table 2.

TABLE 2

FLIGHT SYSTEM ANGULAR MOMENTA AND TORCUES

Axis

Yaw (X) | Pitch (Y)| Roll(Z)

Angular momentum on 3 axes due to
CRU and Hg and NaK flow (ft-lb-sec) 0.02 0.07 0.01

Maximum (periodic) torques due to
system magnetic materials in earth

field (600 n.mi. polar orbit) (ft-1b) 40x10°% | 2x107% Jsox 107
Torques from CRU and fluid systems 4
startup (ft-1b) 1x 10 0.4 2 x 1074

*Longitudinal, vehicle centerline axis.
*%CRU axis.

Impulse torques from slight acceleration and deceleration of the CRU with
load changes give ~0.02 ft/lb-sec x kwe (step load change). The worst case for
the flight system was a 3 kwe step load change giving ~ 0.06 ft/lb-sec. For
purposes of estimating the magnetic torque for conditions other than those in
the table, the flight system could be regarded as being made up of two dipole
moments. The first (permanent magnet) having a moment of 1100 ampere

metersZ along the lateral axis of the unit, and the second (pe rmeable material)
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given by M’ 60 x 10 B (ampere metersz) where B is the external field along

the longitudinal axis. The resulting net torque (T) would be given by:

> > >
T = MxB . .. (1)

E. THERMAL CHARACTERISTICS

Thermal considerations play a major role in setting nuclear power plant
design for space applications. The waste heat in the power cycle must be re-
jected by radiation to space. This process must occur at relatively high tem-
peratures in order to have reasonable radiator areas and weights. From this
requirement for a high temperature rejection of heat follows the need for
comparatively high temperatures of reactor operation. Materials and relia-
bility considerations indicate the maximum (NaK) coolant temperature should
fall in the range 1200 to 1300°F, with the lower value preferred. In earth
orbit, the plant receives direct radiation from the sun, reflected solar radia-
tion from the earth, and thermal radiation from the earth. The effective
equilibrium radiation-sink temperature depends upon the orbital path and the
properties of the radiating surface; it generally falls in the range -200 to 0°F.
The NPP-MR is designed to operate with a wide range of sink temperatures

and with no preferential orientation.

An area related to thermal performance is the influence of rotating station
"g'" effects on systemcharacteristics. These effects are discussed briefly in
Appendix D. Although the presence of a ''g' field is not required for NPP-MR

operation, when it exists it can be used to advantage.

Because of the hightemperature of the RC shell internal volume (i.e., the PCS
region), special measures are required to reduce the flow of heat to the pay-
load. Under the SNAP 2 flight program, a thermal barrier was developed
which segregated the instrument compartment (at the base of the plant) from
the balance of the system. The barrier allowed only 100 watts to be transferred

into the compartment at design conditions.

F. ELECTRICAL CHARACTERISTICS

The basic output of the developed CRU's, which have permanent magnet

rotor alternators, is 1800 cps, ac. This power can be used directly for lighting
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and heating needs since frequency is not critical for these applications.
Studies indicate that a significant fraction of the electrical load could be rotat-
ing equipment for which 400 cps is preferred. Some of this is vital equipment
which must be maintained even during shutdown periods, such as during
reactor replacement operations. Studies also indicate requirements for a

28 vdc supply; thus the ac supply could be obtained from a 28 vdc inverter.
Vital dc loads would be fed directly from a 28 vdc bus supplied by a bank of
batteries which are recharged by a rectifier running directly from the CRU
output. The inverter supplying vital ac loads would of course be one of the
vital dc loads. A typical electrical diagram is presented in Section IV-B,
Nonvital 400 cps loads could be supplied by a 1800/400 ac inverter tied directly

to the alternator output.

The alternators would be connected three-phase, four-wire with isolated
neutral. When multiple CRU's are to be used, all ac buses may be completely
separate and redundant with load banks desirably split and run from the
separate CRU's. During normal operation, this precludes the necessity for
paralleling alternators and enhances power system reliability by the use of
multiple buses. The separate distribution systems can be routed through a
central switching arrangement with provision for load interchange. In the
event of CRU failure, all vital equipment which was supplied from the CRU
would continue to run from the storage batteries until the redundant CRU could
be started and made to supply that bus (actuation of several minutes). All

switching actions could be automatic with provision for manual override.

The anticipated range of possible power factors is 0.8 to unity lagging and
the PCS can operate satisfactorily under these conditions. For reasonably
constant loads and power factor, a capacitive reactance may be selected which
will make possible voltage regulation within about £5% with the present CRU.
In order to prevent demagnetization of the permanent magnet rotor in the event
of a short circuit transient, short circuit protection capacitors must be installed
in series with the alternator output overload. Also, protection must be pro-
vided to rapidly remove short circuits or sustained overloads in order to pre-
vent large speed changes of the CRU or damage resulting from thermal over-
load of the alternator. With the protective elements and for operating load
variations between zero and full load and power factors between 0.8 and unity

lagging, the worst voltage regulation in the 1800 cps bus with the present
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permanent magnet CRU alternator would be about 15%. Voltage regulation on
the 28 vdc and 400 cps ac supplies could be about £1%. The output frequency

is maintained within +1% of nominal by use of a parasitic load controller.

An alternate CRU approach presently being studied is a brushless electro-
magnetically excited machine. With such units, a PCS voltage regulation of +1%
may be achieved. While such units are not subject to demagnetization due to
short circuits, like the PM machine they must be protected against sustained

overcurrent resulting from overload or short circuits.

The electrical system outlined above is versatile and reliable. The load
requirements for a particular station and mission may not demand such versa-
tility, and a simpler system may be used. Sizing of the power supply is de-
pendent uppon mission electrical load scheduling. From preliminary studies
it appears to be most efficient to design for peak load requirements and to limit
peak to average ratios by load programming in the station power system.
However, detailed studies for a particular mission might point toward designing
for average load requirements and using batteries to accommodate increased
demands during peak periods. As previously discussed, batteries will be
needed to supply power for vital loads when the reactor is not operating, as
during power plant replacement periods. Batteries capable of furnishing
unregulated dc for periods of reactor shutdown weigh approximately 90 1b/kw-hr.
Secondary batteries designed for many discharge-recharge cycles at low depth

of discharge weigh about 30 to 50 lb/kw-hr.

G. ORBITAL STARTUP, SHUTDOWN, AND RESTART

While it is not anticipated that system shutdowns and restarts will be
required during normal operations in orbit, the NPP-MR system nevertheless
hasthis capability. This capacity enables groundteststobe carried outusingall
flight system components and requires a minimum of auxiliaries. Detailed engineer-
ing analyses and component tests indicate the shutdown-restart may be carried
out a number of times with high reliability. The equipment and procedures

involved are discussed below,

NPP-MR startup is carried out in three phases — reactor startup, primary
loop preheat, and power conversion system (PCS) startup. The overall scheme

is depicted schematically in Figure 6. The reactor startup is accomplished
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by (1) an initial rapid insertion of the control drums to a position close to
criticality, followed by (2) further insertion at a uniform rate until the reactor
is slightly supercritical. This phase can be carried out in about 15 minutes

without approaching any system limitations.

The primary loop preheat phase occurs from the time of initial generation
of sensible heat by the reactor until boiler inlet design temperature conditions
are attained. A small NaK flow (5%) is initially provided by the TE pump
(using battery power) to assure a smooth temperature transient up to design
conditions. Using the same uniform control drum insertion rate that was
employed for reactor startup, preheat of the primary loop may be completed
in 10 min without exceeding allowable temperature transients. With the com-
bined rapid increase in NaK temperature and thermal lag of the '"cold'' elements
of the T/E pump, a NaK flow of 60% of design rate develops by the end of the
preheat phase. This effect considerably moderates the temperature transients

resulting from mercury injection into the boiler during the final startup phase.

The final phase covers the time from the end of primary loop preheat until
electrical power output is attained. In the PCS prior to startup, about 50 1b
(normal steady-state inventory) of mercury is dispersed through the system
and approximately 95 lb is stored in the injection tank. Upon injection, mercury
flows both to the boiler and through the bearings and toward the RC. Liquid
previously in the system is pushed ahead by the injected liquid or generated
vapor. With plant sizes up to 15 kwe, startup of all active mercury loops
commences simultaneously. In the 20 kwe case, however, it is necessary to
delay startup of the fourth loop for several minutes to avoid exceeding allowable
reactor temperature transients. The CRU spins up a short time (20 sec) after
injection begins, but pressure in the injection tank is maintained above pump
supply pressure for about two minutes so that all mercury is expelled from the
tank. Vapor condensation causes preheating of the R/C, and as the saturation
pressure increases the pump primes. When the mercury from the injection

tank is exhausted, the mercury pump starts supplying the system flow.

As steady-state operation continues, the injection tank pressure starts to
decay, and a AP develops across the check valves which separate the injection
tank from the main system. Backflow occurs through one of the valves and
mercury is slowly re-admitted to the tank, thus restoring conditions needed for

startup. During periods of shutdown, the boiler inlet valve, which has been
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found to be the most satisfactory means for PCS shutdown, must be closed to

prevent the introduction of mercury into the CRU cavity.

For each startup, one of the gas generators connected with the injection tank
is actuated causing pressurization of the bellows and injection of mercury into
the system., The gas generators are manifolded as shown to assure that the fir-
ing of one will not ignite others., Two small fixed orifices in the gas chamber
walls will restrict gas leakage so as to maintain the needed injection pressure
(600 psi) for the necessary duration (2.2 min)., Subsequently, the gas will rapidly
bleed to space allowing restoration of conditions for restart to begin., Weight of

an injection unit equipped for 10 ground and 20 orbital starts is about 110 1b.

The soundness of this startup routine has been demonstrated in numerous
tests of components and systems. CRU injection startups have been carried out
in test rigs under a variety of conditions. Startup capabilities and stability of

Al

the integrated PCS have been verified in PSM-1 and -3 tests.

A broad range of potential problem areas connected with start and restart
has been investigated in depth, and the results indicate few special design meas-~
ures are required to assure system restart capability, The main obstacles
arise in connection with: (1) migration of liquid to the CRU cavity during periods
of shutdown, and (2) mercury freezing during nonoperating periods in orbit,

The first item is of concern because it was found that liquid present in the cavity
at startup might cause serious consequences, On the ground, about 25 1b of mer-
cury will be deposited in the CRU cavity before steady-state vapor flow begins,
In orbit, for sufficiently long periods of shutdown, surface tension conceivably
may cause some amount of liquid to migrate to the CRU, Possible trouble from
these effects, however, is easily avoided. On the ground, a drain may be
attached to the CRU to collect liquid entering the cavity. The liquid may be
vaporized in some convenient way following injection., In orbit, time on the
order of days is probably required in order for an important amount of liquid to
move into the cavity. Installation of a small battery powered heating ele-
ment in the cavity would elevate the vapor pressure of mercury there and pre-

vent flow into the cavity.

The second item, mercury freezing during nonoperating periods in orbit,
may or may not be a problem depending upon flight package overall configura-
tion, If precautions are found necessary to prevent freezing prior to initial
orbital start, the use of a mechanical heat shield (150 1b) or a sublimative, low €

coating coupled with ground preheat would appear to be satisfactory. The

*Discussed in Part VI.
NAA-SR-9715
28



weight of fixtures for electrical heatup would be prohibitively high. Aside from
the period preceding initial orbital startup, no freezing problem exists unless
the shutdown period (following operation) exceeds several hours. Then re-
movable heat shield, electrical, or possibly chemical means for prevention of

freezing must be considered.

H. OPERATIONAL CONSIDERATIONS

In this section are discussed briefly some aspects of operations involving
the power unit., The considerations covered here fall into the areas of:
(1) possible assembly or deployment of station in orbit, (2) startup and steady-
state operations, (3) rendezvous maneuvers, and (4) removal and replacement

of power plant.

Whether the power plant and space station can be launched into orbit as a
single package depends upon factors such as pay load weight, orbital altitude,
and booster capability, There have been estimates that the early ''zero-g"
space stations will weigh about 15,000 lb and be placed in a 300 mile orbit. It
is probable that a package consisting of this size station and a 10 kwe (and
perhaps larger) nuclear power plant could be put into orbit by a Titan III-C
or Saturn IB-Centaur. After orbit is achieved, the power unit may be separated

sk g
from the space station by a telescoping boom, using tension cables for stability.

For large space station power plant weights or for long missions involving
power plant replacement, joining of power plant to space station in orbit is
required (at least until availability of Saturn V, Nova). For these cases, the
vehicle carrying the powerplant aloft and joining it with the station can be
either manned or unmanned. Several possible schemes for this operation are
shown in Figure 7; also shown are two concepts for integrated station-
powerplant launch packages. The first arrangement pictured has the advantages
of: (1) unmanned launch, and (2) the propulsion system being available for
disposal. However, for this case a completely new vehicle must be developed.
The second and third arrangements pictured employ a Gemini vehicle. The

advantage of unmanned launch is held by the second, while the presence of the

*In Part III will be discussed the considerations in determining optimum
separation distance between space station and reactor for weight reduction.
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astronaut in the third scheme upgrades the rendezvous and docking reliability.
A structural disadvantage in either case is introduced by the logistic vehicle
length. With the integral space station launch shown in the fourth frame, there
is no manned launch or rendezvous requirement (for initial station assembly),
but spacecraft weight and size limitations may exist, depending on station
characteristics and booster capacity. An assembly operation is pictured in
Figure 8 which also shows deployment of a telescoping boom arrangement.
The power package is positioned on the front of the shuttle vehicle and is ready
for mating as the station is approached. After mating and alignment, the
structures are locked together and electrical and mechanical connections are
made. Then the boom is extended to its locked position and the cables rigged

to the proper tension.

To assist rendezvous and final mating of the power package to the station,
special light weight tools to guide, position, index, and pin down the two bodies
can be used through penetrations in the station wall facing the reactor. The
astronaut may operate from a special compartment which is sealed and isolated
from the rest of the station and which may be entered through an airlock. The man
may also have a pressure suit, thus providing him with a doubly protective
environment, The reactor controldrums are locked in the out position throughout
these operations., Similar operations may be carried out for other space station

configurations such as spur and toroid-shaped.

The system characteristics during startup, the startup components, and
the plant control system are discussed in II-G and IV-B. Completely auto-
matic control of the reactor with manual override capability is provided for
both startup and long term operation. All instrumentation control and electrical
equipment except the alternator and parasitic load heaters should desirably be
within the space station. They may be easily maintained and/or replaced by
astronauts as required. The '"shirt sleeve' environment will also enhance
the reliability of this equipment. Operator and maintenance time during long-

term operation will be minimal.

The information available (for example, reference 7 through 16) indicates
the shuttle vehicle should have little difficulty in maneuvering to approach the
station in the shadow cone of the steady-state station shield during the final
phase of the rendezvous operation. The topic of rendezvous mechanics is

taken up in Appendix E. A '"wave off' during approach, if it occurs, will take
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place early enough that any "fly by' would be at a safe range from the operating
reactor. Turning to a potential hazard condition, if the space station is tumbling
and the reactor is in operation, it is conceivable that astronauts leaving the
station and escaping in a shuttle vehicle might receive a significant radiation
dose. However, manual overrides for shutting down the reactor would minimize
the radiation hazard. The condition described could well constitute a catas-~
trophe and unless the station had redundant attitude control systems would be
abandoned. Normal deorbiting of a shuttle craft might involve a velocity impulse
of about 400 fps at an inclination of about 10° below horizontal. Under these

conditions, astronaut exposure to radiation will be negligible,

While steady-state shielding of the operating reactor will protect the
arriving personnel during normal rendezvous, additional shielding may be
provided to allow for major guidance errors by astronauts and for system
failures, even though it does not appear to be required. Particulars on the
weight penalties associated with providing different safe regions for rendezvous
maneuvers are provided in Part III. (The weight penalties may be reduced by
having the reactor shutdown just before and during the docking phase. However,
there accrues a reliability penalty for this reactor shutdown — restart approach.
In addition, a weight penalty is incurred in the batteries required to supply
power for periods when the reactor is shut down.) As will be seen in Part III,
the station shield shadow regions available at fairly reasonable shield weights
for a continually operating reactor will provide (for the expected velocities
during docking phase) more than adequate time for astronauts to take any

necessary corrective measures.

Upon termination of reactor operating life, the system is shutdown and
readied for replacement. Batteries furnish the power needed while the nuclear
plant is not in operation., As previously indicated, shutdown is accomplished
by splitting away the reflectors from the reactor. Spring loaded fixtures would
propel the reflector independently into space, thus ensuring against accidental
criticality incidents. The manual override provision assures that the reactor

will be successfully shut down.

For some long-term missions, economy may dictate the use of a power
plant design having a reusable radiation shield. In such cases, steps would be

taken, as necessary, to store the reusable shield temporarily before integration
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with the new power plant. Some conceptual designs which have been made for
plants incorporating a reusable shield would require no special measures as
the shield would be permanently attached to the supporting structure or station.
After the final mechanical and electrical connections between power plant
package and station are broken, the two bodies would be separated using cold
gas jets. The new power plant package would then be joined to the station in

a manner such as that previously described.
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I1l. GENERAL SHIELDING DESIGN INFORMATION

A major fraction of total power plant weight is due to the shield. Shield
weight is a strong function of many design considerations; among the more
significant ones are: (1) space station configuration and plant integration,

(2) allowable cumulative dose during mission, (3) reactor thermal power level,
and (4) rendezvous maneuver. The parametric information furnished in the
following sections will allow preliminary shielding estimates to be made for a
broad variety of space stations, missions, and rendezvous requirements. These
data, when coupled with the information of Parts II, IV, and V, will make it
possible to compose realistic estimates of preliminary power plant designs for

given space station applications.

A, INTRODUCTION

As discussed in Appendix C, protection against fast neutron and gamma
radiation from the reactor must be provided. Several heavy metals suitable
for gamma ray attenuation have satisfactory structural and thermal character-
istics (viz., depleted uranium-alloyed with molybdenum, tungsten). Lithium
hydride has proven to be a very satisfactory neutron shielding material, com-
bining light weight with ability to moderate (by hydrogen atoms) high energy
neutrons to thermal energies where they are captured by lithium, which has a

high absorption cross section for low energy neutrons.

The discussion of shield design is facilitated by reference to the nomen-
clature indicated in Figure 9. Each of the two sections of the station shield
consists of a layer of depleted uranium for attenuation of core gamma rays and
a layer of lithium hydride for removal of neutrons, These shields must not
only protect station personnel from radiation emanating from the core, they must
also mitigate to tolerable levels the gamma radiation caused by: (1) the capture
by uranium of neutrons at resonance energy levels, (2) the capture of neutrons
by hydrogen in the LiH complex, (3) the NaK in the gallery region (boiler and
TE pump), which is activated by neutrons during its passage through the core,
and (4) the capture of neutrons by cobalt in the boiler structural material
(Haynes 25). Furthermore, attenuation by the upper neutron shield must pre-
vent the neutron activation of mercury in the boiler. If the mercury becomes
radioactive, it would constitute a personnel hazard since it flows below the

protective shielding.
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To minimize weight, it is desirable that the diameter of each shield be as
small as possible. Thus, the gallery should be of minimum height and the core
section of LiH be of minimum thickness so that the lower section of the station
shield will be as near the reactor as possible. The uranium of the core shield
should be sufficiently thick to reduce core gammas to the desired level, but not
so thick that the gamma source generated by neutron capture in the shield
becomes of excessive strength. The optimum thickness of this uranium is about
3 in. The LiH in the core section of the station shield should filter neutrons to
the point that the capture of neutrons by hydrogen in the lower shield and the
activated mercury do not constitute important sources. The problem of neutron
capture gammas from cobalt and mercury in the boiler may be eliminated by
the use of borated 316 stainless steel for the thin structural canning material
of the LiH in the core section of the station shield. As a conservative approxi-
mation, a thickness of 18 in. may be used for LiH in the core section for all

power levels.

In the lower portion of the station shield, the thickness of uranium directly
beneath the boilers must be selected (using curves presented in Section III-D) to
attenuate: (1) core radiation not removed by the core shield, (2) NaK activation
radiation, and (3) hydrogen capture radiation from the upper shield. * The
remainder or ''skirt' portion of the uranium layer is of different thickness, and
it needs only to shield against the hydrogen capture gammas. The LiH in the
lower shield supplements that in the upper shield to reduce the neutron flux to

an acceptable dose level.

The envelope of the primary radiation source (reactor) which must be
shielded is different for the SNAP 2/10A and 8 reactors. For the former, the
core diameter — for which both neutron and gamma shielding must be provided —
is 9 in. in diameter. With control drums — for which only neutron shielding is
needed — the total reactor envelope diameter varies from 19.0 in for 5 kwe to
20.8 in for 20 kwe. Height of the 2/10A unit is 15.5 in., For the SNAP 8 unit

the height and overall envelope diameter are approximately 22 and 26.6 in.

*For preliminary purposes, the credit for gamma attenuation by LiH may be
neglected
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It is necessary for safety reasons that a shuttle craft or some sort of
escape capsule be docked at all times, even when another vehicle is docking.
This requirement imposes a shield weight penalty on small stations when the
vehicle is docked at the side and protrudes from the station shield shadow as
shown in Figure 9. As flux from the reactor impinges on the craft, scatter
back into the space station occurs at an intensity of about 1% that of the flux
incident on the vehicle, In cases where this scatter contribution is of signifi-
cance, the direct radiation to the vehicle must be reduced by a '"parking' shield.
Also, additional shielding may be provided as insurance to protect the astronauts'
support vehicles in the remote event that they should deviate from the station

shield shadow during rendezvous. This topic is discussed in III-C.

Radiation flux levels in the space station depend not only on shield thickness,
but also on power level (P), of course, and are inversely proportional to the
square of the distance (SZ) separating the station from the reactor, i.e.,

Da— , e (2)
52

where D is the dose rate in mr/hr or r/hr. With the use of this proportionality,
the application of shielding curves to be presented later is considerably extended.
Thus, for a given allowable dose rate in the space station, the shield weight may
be reduced by increasing the boom length to gain S2 attenuation and reduce shield

lateral dimensions. However, this adds structural and electrical cable weight,

B. BOOM OR EXTENDED STRUCTURE

As indicated by Equation 2, radiation intensity is degraded according to the
inverse square of the distance from the source. Thus, the weight of normal
shielding required to give a certain radiation level in the space station is
lowered if the reactor separation distance from the plant-station mating plane
is increased by means of a boom or extended structure. The reduction in shield
cone angle with increased separation distance also lowers the shield weight.
However, the added weight of boom or extended structure tends to compensate
for shield weight reduction. Additional consequences of the increased separation
distance are increased weight of electrical distribution cable and possibly
decreased voltage regulation and transmission efficiency, depending on cable

design.
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A small reliability penalty is incurred with use of a boom. The boom must
be able to telescope, being in the collapsed condition during launch and being
extended for normal operation in orbit. For extension lengths under about
20 ft, the weight of a boom about equals that of a false structure. For extension
lengths greater than 20 ft, false structure is lighter but results in a greater
launch package height, A boom and cable array is schematically illustrated in
Figure 10. The cables provide tension and shear stabilization for the connecting
structure, The structural design of the boom is based on disturbing loads, due
to docking, of 1/4 g in the lateral direction and 1 g along the longitudinal axis.
During launch, the boom is collapsed and carries no load. The separation dis-
tance for optimum weight compromise between boom and shield is illustrated in

Figure 28 (Section III-D),

C. RENDEZVOUS SHIELDING

In Appendix E the general aspects of the rendezvous maneuver are dis-
cussed. Itis shownthatthe information available indicates the shuttle craft
should have no difficulty remaining in the shadow of the station shield. The
docking phase begins with the commuter in a position relative to the station such
as that indicated in Figure 11, point 0. Despite the expected high reliabilities
and accuracy for propulsion, navigation, guidance, and control, it still may be
deemed desirable by the user to provide radiation protection against the possi-
bility of major error by astronaut or system failure. The information provided
in this report will make possible the estimation of shielding requirements for
any degree of vehicle protection during any assumed rendezvous ''error

maneuver, "

The particular and conservative '"error maneuver' assumed for
this report is described next, It is postulated that the vehicle: (1) departs from
the shadow cone at a distance d off of the cone axis because of a propulsion sys-
tem failure; and (2) travels parallel to the axis (broken line in Figure 11) at
constant velocity v until, (3) reaching plane A. By this time the astronaut has
taken corrective action and the vehicle rapidly accelerates backwards along the
path, For relative velocities used in the docking phase, this assumed error
maneuver allows from one to several minutes for corrective action to be taken.
With the astronauts exposed to an unshielded reactor operating at P kwt (while
outside of the station shadow of cone angle o) with no rendezvous shielding, the
cumulative dose in rem, M, for the rendezvous error maneuver is given approxi-

mately by:
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where S and d are in ft, and v is in fps. Solutions to Equation 3 are displayed in
Figures 12a and 12b for two values of separation distance, S, between reactor
and space station. Given in Figure 13 are the ranges, c, corresponding to
different displacement errors, d, at which departure from the shadow cone

occurs.

In Figure 14 a family of curves appear that give approximate radiation
exposures occurring during a vehicle flight at velocity v which begins at distance
q away from the reactor and proceeds along a radial path normal to the principal
axis of station until the craft enters the steady-state shadow. ''1" denotes the
distance from the reactor at which the vehicle path intercepts the principal axis.
Possible ''terminal phase' maneuvers discussed in Appendix E could approxi-
mate such a vehicle trajectory. By adjustments of the variables v, d, q, and S,
together with appropriate additions and subtractions, it is possible through the
use of Figures 12 and 14 and Equation 3 to estimate the radiation dose accumu-
lated during any arbitrary ''error maneuver'' for any reactor power. Knowing
the exposure received from the bare reactor, it is possible from curves provided
in the next section to determine the shield thickness required to reduce the total
dose to the desired level. This same approach is generally applicable regard-

less of space station configuration or size.

For some arrangements, the station may have a 'view'' of the rendezvous
shield and therefore be subject to radiation scattered from the shield. Gamma
ray scattering will be negligible, but fast neutron scattering may be of impor-
tance. The neutron scattering may be approximately represented by a forward
cosine distribution. The thickness of LiH to be placed in the line of sight
between the basic rendezvous shield and the station may be selected using curves
given in the next section. Where appropriate in the designs in this report, the
scattered neutrons were attenuated so that their contribution to the exposed

parts of the station added 10% to the normal station dose rate, i.e., 1 mr/hr.

If a rendezvous shield is used, the shield material contiguous to the reactor

will produce a ''vault' effect, scattering some leakage neutrons back toward the

NAA-SR-9715
42



Mv/P

Mv/ P

I

CONE ANGLE( a ©) | SEPARATION DISTANCE,S=35ft

.

T i 1

] 1 ]

100 200 300 400
a. DISPLACEMENT ERROR, d (ft)

J

1 I I

SEPARATION DISTANCE,S=100 ft

CONE ANGLE( ©°)

u’//”——fl | |

3.0 I
2.0 I
s &3
= >0 B
1.0
0
(¢}
2.0
» ¥ 1.0
s 8%
2 >0
0]
0
Figure

100 200 300 400
b. DISPLACEMENT ERROR, d (ft)

12, Exposure Due to Rendezvous Error

NAA-SR-9715
43




Mv/ P

M (rem)

DISPLACEMENT ERROR (d), tt

v (fps)
P (kwt)

1000

500

10

| i
CONE ANGLE,a® // 30

SEPARATION DISTANCE

— 35 ft
— — 100 ft

o 500 1000 1500 2000
RANGE OF DEPARTURE FROM SHADOW CONE, C(tt)
Figure 13. Range of Departure From Shadow Cone
vs Displacement Error
I [ T
Mu_ |78 yqp-! _s_)
P ? £ {
B CRAFT — STATION—
D —m e — — — — —
I
- RANGE FROM WHICH |
APPROACH BEGINS, q(tt)
| 1 —_—t | |
o) 100 200 300 400

INTERCEPT DISTANCE, 7 (ft)

Figure 14. Exposure During Transfer to Shadow Cone

NAA-SR-9715
44



core., Calculations indicate the increased reactivity from this cause is small
and will present no control or shutdown problems. Normal temperatures of
components will be higher due to the rendezvous shield presence, unless special
emissivity coatings are used for drums, etc., However, (90 day) component and
materials compatibility tests at and above these expected higher temperatures

indicate there will be no performance problems.

D, SHIELD WEIGHTS

Shown in Figure 15 are the design radiation dose rates that correspond to
different mission times and cumulative steady-state exposures. The gamma
and neutron station shield thicknesses required for various degrees of dose rate
attenuation are shown in Figure 16. Similar curves for the rendezvous shields
are given in Figure 17. The two sets of curves differ in that the thickness ration
of IiH and U for minimum total weight is geometry dependent. The curves

shown represent a preliminary effort at optimization.

Presented in Figures 18 and 19 are the station shield thicknesses required
for different steady-state power levels, This information is predicated on the
use of the split shield concept described earlier, and the total thicknesses given
by the curves are divided between the upper shield and lower shield (see
Figure 9) as noted on the figure. Figures 18 and 19 are based on a separation
distance of 50 ft between bottom of reactor and space station mating plane., For
other separation distances, an equivalent power can be calculated which will
give the thickness required for a given dose. The equivalent power is given by

(see Equation 2):

2
50
Pe = PO (-S——) s * a (4)

(¢]

where Pg is the equivalent power, P is the operating power, and S, is the
separation distance in feet for the operating reactor, The weights of station
shield and boom for different power levels and space station diameters are
given as a function of S in Figures 20 and 21. The total weight of the station
shields as a function of thickness is indicated in Figure 22, These values are

based on gallery heights of 2 ft in all cases. The cone angle, o, is
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@ = tan-l (—2]%) , ... (5)

where the symbols are those shown in Figure 9. For a given space station
diameter, B, different values of @ are assumed as the reactor separation
distance varies. The radiator area is fixed for a particular power level. For
a fixed mating plane diameter, B, as S increases the base dimension of the RC
shell decreases in such a way that the shield just shadows the space station. As
the RC base diameter decreases, for fixed power the height increases in order

to maintain a constant surface area.

Referring again to the nomenclature of Figure 9, the rendezvous shield
casts a shadow of angle ¢ + o, the rendezvous shield weight depends on @. Given
in Figure 23 are rendezvous shield weights as a function of thickness, ¢ , and «.
Neutrons entering the rendezvous shield are scattered approximately in accord-
ance with a forward cosine distribution. The scattering of gamma ray photons
is negligible. Some of the neutrons are scattered toward the payload, and addi-
tional LiH is needed to attenuate their contribution to payload dose rate. The
thickness required for this scatter shielding is given in Figure 24 for a power
level of 100 kwt and a 50 ft separation distance. The thicknesses of LiiH to be
placed in the line of sight between rendezvous shield and station for other powers
and separation distances may be estimated using Equations 2 and 4. The weights
shown in Figure 23 include allowance for shielding to reduce the scattered neu-

tron contribution due to dose rate at the mating plane,

If for some reason the reactor is shut down, the dose levels in the vicinity
of the reactor are considerably reduced as indicated in Figure 25. The unattenu-

ated dose rates at different ranges from the reactor are given in Figure 26.

In the preceding section was presented a discussion of the use of a boom or
extended structure. The distance S between reactor and mating plane which
gives minimum weight for station shield and boom for different power levels is
given in Figure 27. In Figure 28, the total of station shield plus boom and cable
weight is plotted versus separation distance for the case of a 10 ft. diameter to

illustrate the occurence of an optimum spearation distance.

As previously discussed, with a shuttle vehicle docked at the side of a small

cylindrical station (both during docking operations and while two shuttle craft
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are attached for extended waiting periods) the vehicles(s) will cause neutron
scattering back into the station of about 1% of the incident radiation. If a ren-
dezvous shield is employed, this ''vehicle scatter'' will cause no problem. In
the absence of rendezvous shielding, a ''parking'’ shield is needed to reduce the
intensity of neutron radiation received by the parked vehicle. This in turn will
reduce the dose rate in the station attributable to scatter from the shuttle craft,.
The shielding curves already presented may be used to roughly approximate the
LiH thickness required in the line of sight between reactor and exposed parts of
the shuttle craft. With no scatter shielding, the payload dose rate derived from
neutrons scattered from the vehicle will be roughly 1% of that indicated in
Figure 26 for the range between craft and reactor. The LiH thickness required

to attenuate the dose rate to the desired level may be estimated from Figure 16,

It is likely that worthwhile reductions in total shield weight may result for
any particular station from more refined analyses. However, the foregoing
information is considered to provide a reasonable basis for preliminary esti-

mates of shield characteristics.

E. SPACE STATION CONFIGURATION

The shielding information presented in the preceding sections has been
oriented primarily toward cylindrical stations of various sizes; however, the
same data may be applied in a preliminary fashion to other station configura-
tions. Studies of large space installations have extended to other configurations
such as toroidal, hexagonal, and spoke-shaped. Many space station concepts,
particularly for large facilities designed for long-mission duration, use spinning
to create an artificial gravity environment. The effective concentrated mass of
power plant and shield must be taken account of in designing for space station
dynamic balance, stability, and control. In general, a good stability margin
exists if the moment of inertia about the spin axis exceeds that about other axes

by 40% or more.

A typical toroidal station is pictured in Figure 29. This station is described
in Reference 17 and would accommodate a crew of about 20 men who would
normally occupy the tubular sections of the rim. In this concept, the station
would spin about an axis passing through the hub and normal to the station plane.
At the hub would be the docking ports and the reactor support structure. The

radial passages joining the rim and hub would be used for the limited access

NAA-SR-9715
64



g9

G1L6-dS-VVN

7569-0273
Figure 29. Toroidal Space Station




required. The hub section would be disengaged from the spinning motion for
rendezvous operations. The station shield would be hemispherical (a = 90°)
and would shadow the rim of the space station. For shield weight optimization,
the station shield could be of variable thickness, corresponding to an acceptable

distribution of dose levels over the various parts of the station.

The spur, or Y, station (illustrated in Figure 30) is another configuration

receiving considerable attention, In this picture, one of the arms of the spurs

is tipped with the nuclear plant, In other Y station designs that have been con-
sidered, the nuclear plant would be mounted on the hub. Space station stability
can be achieved with either arrangement, With the plant positioned on the end

of the leg as shown in Figure 30, a relatively low weight shield may be used,

The station shield shape will approximate the frustrum of an elliptical cone, The
thickness of the gamma and neutron shielding may be determined as previously
described, and the corresponding shield weights may be calculated as illustrated

in Figure 31.

It was earlier mentioned that for some long missions, economics might
dictate that shielding remain permanently with the station rather than be
replaced as part of the power plant package replacement., One deployment that
is suitable for this approach is illustrated in Figure 32. The station shield
would be selected as previously discussed. With this arrangement, however,
additional shielding is needed to intercept radiation scattered back from the PCS
toward the space station. Assuming isotropic scattering of neutrons and observ-
ing that A scattering is negligible, the dose in the unprotected parts of the
(cylindrical) station due to scatter from the radiator may be roughly approxi-

mated by:

2
870 s
Pns = (30.58)2 (S+Sr> D(Sr) o

This equation is based on: (1) a 20% neutron contribution to total dose

18 in which an "equivalent radiator"

D (Sr) at range Sr’ and (2) on calculations
in the shape of a spherical segment was used, The radiator surface was
assumed to be uniformly at a distance S, from the reactor (reactor between RC

and station). The effective weight of the RC and PCS for scattering was taken
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to be 10,000 1b, and a os/A value of 0,04 was used, corresponding to an
aluminum-steel RC. D, may be calculated for other weights using (8) and
adjusting the result in direct proportion with weight. The scatter shield thick-

ness may then be determined with the aid of Figure 16.
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IV. DESIGN CHARACTERISTICS OF SPECIFIC PLANTS

In this section are presented the layout, operating, and component charac-
teristics of specific power plants designed respectively to provide 5,10, 15, and
20 kwe for a cylindrical space station of 10 ft diameter. These designs feature
the modular (5 kwe unit) approach discussed previously with the exception of the
reactor-reflector assembly. The RC is used only in a quasi-modular sense
where each 5 kw PCS has an individual radiator that forms a horizontal segment
of the total radiator area cone. This requires that the configuration be slightly

different for each 125 square foot module.

A, LAYOUTS

The equipment layouts and flow diagrams shown in this section are an out-
growth of years of detailed engineering, design, and testing on the SNAP 2 pro-
gram. In Figure 33 is shown the overall layout of a 20 kwe multiple Power
Conversion System. The number of active and redundant units joined together
would correspond to the number of 5 kw modules required, With this arrange-
ment the total RC cone configuration remains constant (625 ft2 including mini-
mum of one redundant unit for 20 kwe) and false structure or an extendable boom
is substituted in place of cone segments that are not needed for heat rejection

when lower powers are required.

In Figure 33 may be seen other component arrangements previously de-
scribed., The reactor is located at the opposite end of the power system from
the station. The NaK pumps and boiler are nested in the gallery between the two
sections of station shield. The CRU and other mercury components are deployed
in modular fashion within the shell of the RC. In Figure 34 appear less detailed
layout drawings of the 5, 10, 15, and 20 kwe plants. In all cases a nose cone

would cover the reactor during launch and would be ejected after reaching orbit.

The P&l diagram for the 15 kwe system is presented in Figure 35. The
system consists of a single NaK circuit passing through the reactor and four
secondary mercury loops, three normally active and one standby. This P&l
diagram is representative of plants using either the segmented or the tailored
RC concept. The boilers and TE pumps and individual 5 kwe units are linked in
parallel, This diagram also characterizes plants of larger and smaller power

rating. The P&l diagrams for other plant sizes would change only in the number
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of PCU's shown, from two (1 + 1) in the 5 kw case to five (4 + 1) in the 20 kw
situation. In the modular systems, each mercury loop is completely independ-
ent of the others, and the loss of one will in no way affect the integrity of the
others., Corresponding components in each mercury loop are identical. Paral-
leling each TE pump and boiler combination would tend to cause reverse flow
through the redundant boiler - TE system if it were not that each pump is cooled
by radiating fins in addition to normal liquid mercury cooling. The temperature
gradient due to heat transfer from the TE pump fins prevents reverse flow (thus

avoiding the need for a mechanical check valve).

B. OPERATING CHARACTERISTICS

Normal operating conditions for the 5 kwe system are noted on the schematic
drawing in Figure 36. It is seen that the turbine inlet temperature and pressure
are 1185° and 120 psi, respectively. The radiator condenser heat rejection
temperature is approximately 600°F. In going to higher power systems the
PCS conditions, due to the modular approach, are identical and the NaK flow
goes up proportionally with power (excluding the small flow requirements for
the redundant unit). The NaK system pressure drop increases from 0.6 to
0.92 psi in going from 5 kw to 20 kw. Since the TE pump is designed to meet
the highest power requirement, an excess of NaK flow will be available for the
lower power systems. This results in boiling margin in the boiler (cf Section
IV-C) or an increase in the allowable NaK flow degradation and, therefore, an
increase in system reliability for the low power systems. There are slight

NaK temperature variations with the use of a redundant loop; however, these

have no significant effects on the system performance. In general, design
allowance is made to assure satisfactory performance even after a 5% reduction
in NaK flow due to pump degradation for all cases. The equipment and
procedures for system startup are discussed in II-G., Shortly after normal
operating conditions are established following startup, the conditions necessary
for restart are automatically attained. Startup procedures are generally the

same regardless of the number of loops involved.

In all plants, the redundant loop is operated in a standby mode and does not
normally produce power. When incipient or complete failure of a loop is de=-
tected through loss of CRU power, the defective PCU is shut down and the
standby loop is activated. During the startup period (~3 min) for the standby
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loop there is a small reduction in plant power output. After CRU shaft rotation
stops, the failed loop mercury inventory will either bleed to space or remain

in place, depending upon whether or not the failure mode was a mercury leak.

Presented in Figures 37 and 38 are preliminary block diagrams showing the
electrical system and control functions. These are patterned according to the
considerations discussed in Section II. Both 400 cps ac and 28 vdc electrical
services can be provided, along with a station battery to supply vital loads in
case of emergency and during periods of reactor replacement. Startup and
long-term control is carried out automatically, with provisions for manual
override. The control console contains a minimum of instrumentation, control
actuators, and alarms for plant operations. Except for the alternators and
parasitic load heaters, all instrumentation and electrical equipment is located
within the station for ease of maintenance and replacement. Vital control equip-
ment is redundant with provision to replace or repair a failed unit while opera-

tion continues.

C. COMPONENTS

As indicated later, the SNAP 2 components are for the most part well
along in development testing. Many of these cc.nponents are almost directly
applicable in the 5 kw modules. For example, the CRU, thermoelectric pumps,
expansion compensator, piping expansion joints, mercury regulator tanks, and
valves are all in final development stages. This is also true of items such as
wire, connectors, parasitic load controls, and heaters. In some instancespre-
vious SNAP 2 flight system (unmanned unit) radiation hardening and packaging
requirements are alleviated because of the lower radiation levels required for

manned systems.

The SNAP 2/10A and 8 reactors are capable of powering all plants dis-
cussed in Part IV, i.e., 5 to 20 kwe plants. Minor modifications are presently
being undertaken, as previously discussed, which are designed to improve re-
actor reliability., These changes fall in the areas of multiple drum control and
partial or complete redundancy in elements of the control and actuation sys-
tems and increased design margins. The fabrication measures called for in the

shielding concepts are within the present shield state-of-the-art.
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The 3 kwe chromel-constantan TE pump is in an advanced stage of develop-
ment and only a small redesign is required to upgrade these pumps to meet the
5 kwe module design requirements. Tests to date have been run on these pumps
at the design temperature of 1200°F for extended periods and they have met per-
formance requirements. At the present time, it is anticipated that this pump

will exhibit negligible one year degradation in a vacuum environment.

The boiler and the RC involve the most changes from present configurations
for incorporation in a multiple module manned plant. The new (model 8) boiler
is shown in Figure 39 and is very similar to the model 5C boiler which is com-
pletely developed. The 5C unit has undergone development and prequalification
and has performed exceedingly well. This new boiler is more compact than
either of the preceeding ones so that it may fit between the two sections of shield.
It is significantly lighter, and fits into the modular concept to make a very com-
pact NaK system. The model 8 boiler represents a very small extrapolation of
current technology resulting in a high degree of confidence in its predicted

performance,

A typical 5 kwe RC section is displayed in Figure 40. The total surface
area is 125 ft , Features of the design include: (1) all (tapered) tube sizes and
lengths, and fabrication requirements fall within existing technology and ex-
perience; (2) the short tube lengths will result in low pressure drops without the
use of large flow area tubes; (3) a minimum amount of extra mercury will be re-
quired for startup preheat (cf II-G); and (4) this approach allows minimum
launch package heights and plant total surface areas. The principle disadvan-
tages concomittant with the tailored RC are the multiplication of qualification
testing required, the need for different tubing and fabrication tooling for each
RC section, and the problem of thermally insulating the subcooler region (base)
of one RC segment from the high temperature (upper) region of the adjacent

segment.

D. SUMMARY

Summarized in Table 3 are the salient features of the four modular power
plants described above. The power plants are for a 10 ft diameter cylindrical
space station, and the shielding provided reduces the mating plant dose rate to
10 mr/hr. The weights designated in Table 3 as Basic Unit Weight include the

entire power plant package (and nose cone) with the exception of the shielding.
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TABLE 3
NUCLEAR SYSTEM CHARACTERISTICS (5-20 kwe)

Power (kwe)
5 10 15 20

Number PCU's 1+1 2 +1 3+1 4 +1

(active and standby)
Basic unit weight (1b)t 1850 2530 3230 3940
Station shield plus boom (1b) 2460 2510 2530 2530
Total plant weight (1b) 43190 5040 5760 6470
Possible extra weight (lb)§ 260 310 360 400
Radiator area (ft2) 250 375 500 625
Plant launch height (ft) 25.4 31.8 37.5 42.5
Station dose rate from 10 10 10 10

reactor (mr/hr)
Reactor outlet temperature 1200 1200 1200 1200

(nominal){ °F)

#*Cylindrical space station, 10 ft diameter.
Tt Total power plant weight exclusive of shielding, boom, and extras.
§Includes nose cone, power conditioning equipment, startup batteries,

mating ring.

The figures given do not include an allowance for standby batteries or power
conditioning equipment. The radiator areas shown are the totals for active and

standby loops. Shutdown and restart capability is available for maintenance and

emergency conditions.
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V. LARGER POWER SYSTEMS

Looking beyond the nascent stages of space station development, it appears
that needs will exist for power well in excess of 20 kwe. It is likely that second
generation stations will require electrical power at levels up to 100 kwe, and
subsequent space facilities should require even more power. A brief review is
given below of some considerations and very preliminary study results relevant

to power plants in the range 20 to 300 kwe.

As the plant size increases, more and more changes from the systems
described in Part IV are required. At the first transition power level
between 20 and 100 kwe, two important changes occur: (1) A SNAP 8
reactor must be substituted for the SNAP 2/10A unit (assuming dual
SNAP 2/10A reactors are not used), and (2) a NaK pump capable of
producing greater flows and pressures must be substituted for the TE
pumps. Studies and experimental evidence show that either static EM
or canned rotor pumps are suitable for this service, and some development
has been started in this area. The 3 to 5 kw multiple units may be extended to
power plant sizes of about 30 to 40 kwe size before weight and reliability penal-

ties become significant.

For power plants of size larger than 25 to 40 kwe, considerations of weight
and reliability suggest that a new more optimum module size be selected.
Therefore, for power exceeding this second transition level it is necessary to
develop a full set of scaled up PCS components. Selection of the optimum
module size is dependent upon a variety of factors including total planned space
program power plant requirements, costs, weight, and reliability. Preliminary
evaluations centered on the last two qualities indicate that between 15 to 25 kwe
is a reasonable tentative selection of module size to cover the power range up to
about 100 to 125 kwe. In scaling up the present CRU to 25 kwe size, some bene-
ficial design changes may be made. An electromagnetically excited alternator
may be substituted for the permanent magnet machine, thus eliminating the in-
creased rotor weight and packaging problems and providing good short circuit
stability. The EM machine also gives very efficient voltage regulation. The
machine speed would probably be adjusted to yield an output frequency cor-
responding directly to the station requirement. It is expected that the manned

station rotating machinery would require 400 cps. To match power requirements
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not exactly a multiple of module size, the CRU's (i.e., PCS) may be operated
at a flow rate less than design value. This results in a weight savings on some
components (RC, shield, etc.) and an improved performance margin. This
scale from CRUYV to a 25 kwe design is not a major development problem. All
present component technology would apply. Design studies and development of

a larger CRU have already begun.

Another transition power level occurs in the vicinity of 100 to 125 kwe,
Beyond this point, the advanced SNAP reactor may be used. This reactor is
probably near the upper limit in SNAP reactor technology and is presently in
the study stage and is a member of the same compact reactor family as are
SNAP 2/10A and SNAP 8, It is capable of serving power plants of 300 kwe and
greater size. As the power plant size progresses to 300 kwe, it appears there
is incentive on the same grounds as before for changing the module size. Pre-

liminary indications are that a nominal 100 kwe size may be appropriate.

Results so far obtained from the preliminary studies provide an indication
of the characteristics that may be expected for nuclear plants based on the
modular concept for the power range 20 to 300 kwe. The salient features of

these plants are summarized in Table 4,
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TABLE 4

ESTIMATED CHARACTERISTICS OF LARGE PLANTS>:<

Power (kwe)

30 50 100 150 300
Module size (kw) 5 25 25 25 100
Number PCU's
(active and standby) 6 +2 2 +1 4 +1 6 +2 3+2
Station diameter (ft) 20 30 30 30 50
Basic unit weight (1b)T 5,500- | 7,500- 12,000- | 17,000- | 21,000-
6,000 8,000 13,000 18,000 22,000
Station shield weight (1b) 3,000- 4,000- 10,000- 15,000- 20,000
3,200 4,800 12,000 17,000 | 23,000
Total NPP-MR weight (1b) | 8,500- | 11,500- | 22,000- | 32,000- | 41,000-
9,200 12,800 25,000 35 000 | 45,000
Radiator area (sq ft) 860 1,560 2,600 4,300 7,100
Station dose rate
from reactor (mr/hr) 10 10 10 10 10
Reactor outlet and
Temperature (°F) 1,200 1,200 1,200 1,200 1,200

#*For cylindrical stations

tTotal power plant weight exclusive of shielding
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VI. CURRENT STATE OF TECHNOLOGY

In recent years, there has been a considerable yield of test experience ap-
plicable to NPP-MR from the SNAP 2, 8, and 10A" programs. The SNAP Ex-
perimental Reactor (SER) and the SNAP 2 Development Reactor (S2ZDR) have
operated for extended periods at SNAP 2 conditions. Cumulative operating time
for SER is 222,000 kwh and for S2DR is 250,000 kwh. Shown in Figure 41 are
several views of the S2/10A reactor. The SNAP 8 Experimental Reactor has
operated at its 1300°F rating at power levels meeting and exceeding the design
value of 450 kwt. Performance during its several hundred hours of operation

has been very stable and all characteristics verify design predictions.

Extensive development testing has been carried out at the subsystem and
component level. Tests at both SNAP 2 and SNAP 10A conditions have gone far
toward establishing the reliability of the reactor and reactor control system.

A l-yr test and several 90-day tests of control drum actuators have been carried
out with design radiation doses at 700°F and 10"9 mm of Hg. Additional high
vacuum tests of actuators at SNAP 2 conditions are underway. Gears and bear-
ings with dry film lubricant have also been tested under irradiation and hard

9

vacuum, 10~ mm Hg, at and above S2 and S10A design temperatures and radi-
ation levels., The S10 equipment has completed 90-day tests, and S2 units now
under test are approaching the 500-hr mark. Results of the extended tests
under high vacuum indicate self-welding is not a serious problem. Fuel ele-
ment and diffusion barrier integrity has been good during approximately
380,000 hr of fuel rod tests at reactor temperatures. A temperature sensor-
switch has completed 3,000 hr under SZ2 conditions, and has operated perfectly
through 400 switching operations. Many similar components related to the re-

actor, such as safety and diagnostic elements, controller, etc., have been

tested and performed as required under design conditions.

Most NaK and Hg system components are of basically simple design and are
in an advanced state of development. A vital element in the PCS is the CRU,
which includes turbine, alternator, and Hg pump. Figure 42 is a picture of a

CRU just before installation in a test rig.

#*SNAP 8 is a nuclear power system designed for 30 kwe with mercury turbo-
generator power conversion, SNAP 10A utilizes essentially the same reactor
as SNAP 2, but a thermoelectric power conversion system designed for
0.5 kwe.
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Several years ago, a series of CRU bearing failures were experienced after
the earlier, apparently successful development of individual CRU components.
This brought about an intense effort to correct the troubles. The results have
been very satisfactory. The feasibility of the CRU concept and the integrity of

Hg-lubricated thrust and journal bearings has been clearly demonstrated.

In the last 2 years, 10 advanced CRU's of flight design and their rebuilds
(designated IVM and V) have been fabricated and successfully tested under vari-
ous startup conditions and for extended operating periods. Integrated endurance
test time of these units presently totals 11,000 hr, and several units are now
continuing extended endurance tests, producing better than design performance.
It is anticipated that by the end of CY 1964, a total of 20,000 hr of endurance
testing will have been accumulated. Also, SNAP 1l and Sunflower CRU units*
exhibited in excess of 10,000 hr of integrated test time. Post-operation dis-
assembly and inspection of the recent long endurance units has shown insignifi-

cant bearing and pump wear.

Thermoelectric pumps for NaK are nearing completion of development. In
general, performance predictions have been verified and materials and fabrica-
tion problems appear to have been solved. Endurance testing is underway.
Other key components are the boiler and RC., Several boiler units have been
tested (see Figure 43), with performance being as predicted. In the case of the
RC, it is required that this component integrate structural and heat-rejection
capabilities with weight optimization and meteoroid protection. Two RC con-
cepts are under development (honeycomb and aluminum-steel) and tests of sev-
eral units are underway. Results of the development effort show that the
aluminum-fin/steel-tube unit is superior with regard to cost, weight, and fabri-
cation ease. Such a unit is pictured in Figure 44. Most other SNAP 2 compo-
nents, including the radiation shield, T/E pump expansion compensator, pres-
sure regulator and valves, electrical elements and instruments, expansion joints,
and thermal barriers, are in the advanced development stage. A T/E pump for

NaK is pictured in Figure 45.

On the strength of the component development foundation, sophisticated tests
of integrated systems have proceeded. Long-term nonnuclear operating tests of

NaK and Hg systems have been successful. Two test syste:nrtts,'ir SNAP 10 FSM-1

*Of the same basic technology as CRU IVM and V.
tPart of the SNAP 10A program — but similar in NaK system technology to
SNAP 2-NPP-MR.
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and DRM-1, have completed 90-day qualification tests at design temperatures
under simulated space conditions. For several years, tests have been conducted
at SNAP 2 conditions in Hg systems. Currently progressing are tests of SNAP 2
prototype PCS units, PSM-1, -2, and -3, With these systems it is possible to
duplicate for the PCS practically all environmental and operating conditions of
interest. The substitution of a carefully designed simulator for the reactor and
control system for the reactor significantly reduces costs and safety measures
required, without compromising the technical quality of the results. PSM-1 is
the flight configuration prototype designed for study of system thermal charac-
teristics in a simulated space environment, Figure 46, PSM-2 is a mechanical
and structural mockup which, since mid-1963, has been undergoing tests cover-
ing the entire envelope of expected vibration, shock, aerodynamic heating, and
static conditions. PSM-3 is a system designed to study orbital startup effects;
all important components lie in the same horizontal plane (Figure 47) to mini-
mize gravity effects. Table 5 is a summary of the current status of component

development,
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TABLE 5

STATUS OF COMPONENT DEVELOPMENT

Longest Shock Maximum
Number {Total Test
Individual [Vibration or { Startup |Performance
Component Fabricated | Tume (hr) T Remarks
(units) (approx) ests Static Tests Cycles Verified
(hr) (No. units) (unat)
Combined 18 11,000 2,500 1 29 yes CRUYV long term
rotating unit endurance tests
underway
Boiler 19 5,600 2,160 3 20 yes 5 ¢ boiler prequalified
Radiator 5 1,100 500 3 115 Thermal and
condenser hydraulic
yes
Thermoelectric 14 5,000 2,700 In 10 yes
pump process
Expansion 3 550 500 0 15 yes Prototype component
compensator in fabrication
Expansion Joints 8 150 50 0 4 yes Prototype component
in fabrication
Mercury pressure 4 100 0 1 25 no New design concept
regulator
Mercury injection 6 1,000 0 1 500 yes New design concept
tank
Parasitic load 11 6,000 2,466 1 81 yes
control
Reactor simulator 4 1,000 500 N.A. 15 yes On test — PSM-1
heater and 3
Parasitic load 11 10,000 8,400 0 1,440 yes
heater




APPENDIX A
RELATIVE MERITS OF NPP-MR

Nuclear and solar power systems are the only systems which can supply
space stations with significant levels of power for periods of time exceeding a
few weeks. For missions of this type, batteries and fuel cells systems are not
practical because of their excessively high weights., Nuclear (reactor and
radioisotope) and the various solar power systems (basically solar cell and
solar-dynamic systems) each offer their own favorable and unfavorable features.
The selection of one over the others for a particular mission must be made in
the context of overall mission requirements, total cost, reliability, and other
factors. In making comparisons for such selections, the distinct advantages
offered by NPP-MR systems have previously been published (References 3
through 6)., The advantages of these nuclear power systems become more de-
cisive as mission duration and electric power requirements increase.
NPP-MR units are compact, rugged, single-package, closed-loop, complete
electrical power plants, and provide safety and relative economy without im-
posing significant constraints on space station design. NPP-MR's require
minimum power storage and no collector (or other area) deployment while fur-
nishing the advantages of continuous power and high power per unit radiator

area (~40 WattS/ftZ).

The modular, or building-block approach, based on the SNAP 2 reactor and
current state-of-the-art components, yields early availability, reliability, and
considerable design flexibility, This approach also yields economic advantages.
Development costs for such building-block systems would be well under the

costs for large, single unit systems. Three important reasons for this are:

1) It will be unnecessary to develop new components for each individual

spacecraft power requirement.

2) Tre actual cost of developing a low-power power conversion subsys-
tem (PCS) module is less than that for a specific high-power PCS due
to savings on hardware, facilities, and test costs. Also, flight tests
of smaller PCS's may be carried out with smaller launch vehicles,
and the money already expended in SNAP 2 development provides an

"incremental' investment picture that favors the smaller units,
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3) The cost of the reliability demonstration program will be less for

smaller PCS's.

The use of an NPP -MR package eliminates the need which exists with solar
systems for preferential plant orientation and for the thermal or chemical
energy storage necessary for power generation during periods when the station

is shaded by the earth.

A key economic factor is weight placed in orbit during a mission, and in
this connection nuclear power plants afford important advantages. The basic
power plant weight for NPP-MR's is generally much lower than that for other
systems as indicated in some detail in References 3, 4, 5, and 6, In addition,
weight advantages are indirectly gained by NPP-MR's in other areas, For
example, solar voltaic and solar dynamic systems require far more surface
area for normal requirements (for 10-kew plants, a factor of ~10 larger than
NPP-MR systems); also in the case of solar cells a substantial amount of ex-~
cess area rnust be provided to allow for power source attrition due to meteorite
damage and Van Allen Belt proton irradiation (assuming gamma and x-ray
shielding is provided). Nuclear dynamic systems are not subject to degradation
from these causes. In relatively low altitude orbits, the large surface area of
solar plants causes significant drag and a portion of payload weight must be
devoted to providing thrust to maintain orbit. Nuclear plants cause much less
orbital drag, and in addition SNAP flight system development has produced a
configuration well suited for launch and easily adaptable, without redesign, to

both deployable and non-deployable space stations.

For long missions involving power plant renewal, the replacement weight
of a nuclear system is small compared with systems such as solar cells,
particularly if one of several feasible designs providing reusable nuclear radia-
tion shields is adopted, However, for some applications, making the shield
an integral part of the disposable package may be advantageous — such as
providing simplicity, compactness, and better weight distribution. During
periodic power plant replacements, the entire package may be safely disposed
of and a new unit installed in its place. Only mechanical and electrical con-
nections are broken and rejoined since the reactor, components, and complete

fluid systems are contained within the plug-in power plant package.
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As a space station power source, nuclear dynamic systems have consider-
able growth potential, Weights and surface areas of other systems escalate
rapidly with increasing power, in contrast with proportionately small increases
in nuclear system weight and areas, Extension of Mercury-Rankine nuclear
plant designs to specific applications is largely an engineering task. Design
flexibility is such that adequate shielding protection may be provided for
astronauts during normal operations and various rendezvous maneuvers. While
the relative advantages offered by nuclear systems at low power levels (<10 kwe)
are less imposing than in the case of higher power level, the basic technology
is the same. The use of nuclear plants for early space missions with low power
requirements will provide a valuable foundation for the use of nuclear power
with attendant substantial advantages to meet future demands for higher power

and longer missions,

In summary, the more important conclusions regarding NPP-MR plants for
manned space stations are: (1) 7 years of intense engineering, design, and
hardware development activities have established a firm basis for NPP-MR
technology; (2) the weight of a shielded NPP-MR is competitive with or less than
other power sources with the weight advantage increasing considerably as power
level and mission duration grow; (3) the comparatively small surface area re-
quired permits low altitude operation permitting escape from space radiation
effects with minimum drag penalty; (4) NPP-MR's are safe, and safety is en-
hanced by the presence of onboard personnel; (5) there exists no orientation
requirement (or sun-shade variation in operations) so that the interaction of
power system/station is minimum; (6) the total cost of development plus utiliza-
tion is comparable for all systems; and (7) early use and integrated nuclear

system experience will accelerate growth to larger future systems.
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. APPENDIX B
. NPP-MR RELIABILITY

The equation for overall NPP-MR plant reliability is:

r
_ i n S _ s
Ro B ReRb Rp § :(i)Rhe(Rhs) (l RheRhs)
i=o

where Ro is overall reliability, Re is reliability of electrical power distribution
system, Rb is boiler NaK-Hg interface reliability, Rhe and Rhs are mercury
loop steady-state and shutdown-restart reliabilities¥ R_ is reactor and primary
loop reliability, s is the number of restarts, i is the number of PCU's required
for full power, r is the number of redundant loops, and n is the total number of
modules. Load switching is accomplished external to the basic power distribu-

tion system. The numbers inparentheses are NPP-MR reliability objectives,

An overall system reliability goal of 0.95 - 0.99 has been used in some stud-
ies in the industry. For given reliability of each power conversion (mercury)

loop (Rh = RheREs)’ the reliability required of the reactor and primary loop

= S 5 . = . . . -
(RP Rn R .o Rrs) in order to achieve R, 0.98 is given in Figure 9b for

several power levels (5 kwe module) assuming one redundant PCU in each sys-

tem and the SNAP 2 reliability values given in Table 2.

*The best information available on rendezvous maneuvers indicates reactor
‘ shutdown for that operation is unnecessary (cf Sections II-B and III-C). How-
ever, the equation is written as shown for generality.
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APPENDIX C
RADIATION — ENVIRONMENTAL AND BIOLOGICAL EFFECTS

Listed below are the probable early effects of acute doses of whole body
radiation exposure. Some evidence available tends to indicate the effect of

protracted doses in general are less severe for the same exposure.

TABLE 6

BIOLOGICAL EFFECTS OF ACUTE RADIATION MNSES

Acute Dose Fffect
(rem)

0to 25 No detectable clinical effects

25 to 50 Possible blood changes, but no clinically
detectable effects

50 to 100 Depression of blood elements (recovery in
nearly all cases in 3 to 6 months)

200 to 400 Same as above with immediate disability, some
deaths possible

600 Fatal to nearly all within two weeks

In the natural space environment there exist very intense radiation fields
which probably will contribute more to the dose received by astronauts than
will the nuclear plant. In near-earth space, there is considerable non-uniformity
in the environment, and the protection required depends on the path followed by
the particular station. There are four major sources of radiation: Van Allen
radiation belts, the Starfish or artificial electron belt, solar flares, and galactic
cosmic rays. The Van Allen belts consist of electrons and protons, and the
Starfish belt is composed of electrons alone. Solar flares and galactic cosmic
rays consist primarily of high energy protons, and the solar proton streams

may also be accompanied by x-rays, electrons, and gamma rays.

VanAllen belt radiation imposes a limit on operational celing of about 300
miles for extended missions, since the shield weight requirements above that
altitude become prohibitively high. Similarly, the presence of extremely high

energy radiation from solar flares and galactic radiation in the higher latitudes
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establishes an upper limit of about 45° latitude on the orbital inclination. At
lower latitudes, the earth's magnetic fields shield the station from solar flare
and cosmic radiation, and the acute dose hazard is nearly eliminated. Atmos-
pheric drag and sputtering effects become increasingly important at lower
altitudes, and, based on these effects, a lower limit on orbital altitude is proba-

bly about 200 miles.

The threshold for radiation damage to the most sensitive hardware com-
ponents (transistors) is about 2000 rad for fast neutrons (~ 107 rad for gamma
rays). The thresholds for biological damage depend on the part of the anatomy
involved. As indicated above, in the expected envelope of orbital operation,
there is protection from acute doses of radiation. Thus, the risk-limiting
effects are those associated with protracted exposure. On the Apollo moon
mission program the basic criteria being employed19 are the National Committee
on Radiological Protection recommendations for permissible integrated lifetime
doses, although there is no official sanction for this position. The assumption
is made that each astronaut will have a five-year career and thus may receive

his lifetime dose over this period. These conditions are tabulated in Table 7.

TABLE 7

APOLLO CRITERIA

Ptdjr};lir:;irt?le Average Maximum Permissible
Critical Organ Integrated Dzseealjgila}.’te Single %c;t;tssﬁr:;ergency
Dose
(rem) (rads) (rads)
Skin of whole body 1630 233 500"
Blood forming organs 271 54 200
Feet, ankles, hands 3910 559 7OOT
Eyes 271 27§ 100

*Based on skin erythema level
tBased on skin erythema level; these appendages are less radiosensitive
§Slightly higher RBE assumed because eyes are believed more radiosensitive

Tabulated in Table 8 are various other figures relevant to shielding design for

radiation.
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TABLE 8

RADIATION FACTORS

Dose Condition

Permissible Levels

3 rem/13 weeks AEC occupational dose limit
(12 rem/year or 0.033 rem/day)
5 (N-18) rem AEC limit on cumulative exposure,

N = age of individual

%

Space Radiation Levels

0.5 to 8.5 rad/day V.an Allen belt protons and galactic
cosmic radiation

NPP-MR
0.01 rem/hr Typical basis for reactor station
(0.24 rem/day) shield design for 90-day missions

*Considering present contributions by Starfish and other electrons to be
negligible; based on 30° orbital 1nc11nat1on 125 to 310 mile altitude,
420 mil thick Al wall shielding (3 gm/cm )

The reactor produces a gamma and fast neutron radiation against which bio-
logical shielding must be provided. During plant operation the sources of
significant gamma radiation are prompt-fission gammas, fission product
gammas, and activation gammas from neutron capture by structural and coolant
materials. Protection against fast neutron leakage from core and reflector
must also be provided. During shutdown, the (biologically) important radiation
is gamma ray flux associated with fission product decay and activated NaK in

the primary coolant system.
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APPENDIX D
ARTIFICIAL GRAVITY EFFECTS ON DESIGN

Depending upon the rate of spin and distance of the plant from the axis of
rotation, the artificial gravity may induce sufficient fluid motion due to natural
convection in primary and secondary system loops to importantly influence the
plant layouts. The influence of ''g' effects is also reflected in the design meas-
ures required to assure flow stability in the radiator condenser. For a given
design situation, three possible types of flow instability must be considered:

(1) flow regime stability, (2) liquid leg instability, (3) liquid-vapor interface
stability., With reference to the first, it is necessary only to assure that the
conditions required for maintenance of annular or semi-annular flow are obtained.
There is an abundance of technical experience in this area (at least 150 studies
are reported in the literature), and flow regime instability will not be a problem.
Considerable attention has also been directed toward the latter two areas, parti-

cularly in connection with the SNAP 2-MRP effort (viz. Reference 20-24),

With reference to condition (2), for stable operation of a multi-tube condens-
er, it is necessary that the change in pressure drop between tube entrance and
exit due to change in condensing length must be positive. That is, the criterion
for "liquid leg' stability is d (AP)/d1>0, where 1 is the tube length in which con-
densing occurs. This is true whether the total pressure drop is positive, or
negative, as it may be if the static pressure rise due to momentum recovery
exceeds the friction losses down the tube and pressure change due to gravity.

It was determined that the maximum permissible artificial g force (due to
package tumbling) opposite the flow direction and before the onset of instability
was 0.05 to 0.14 g for the SNAP 2 flight system. The reason behind the stability
criteria is that for positive dAP/dl, an increase in condensing length of a particu-
lar tube causes a decrease in pressure at the liquid-vapor interface. This re-
sults in a net force on the liquid leg which tends to restore the interface to its
original position. Similarly, with reduction in condensing length, the net force
tends to restore the interface to its original position. When dAP/dl< 0, the net
force is such as to accelerate the liquid leg in the direction of the initial dis-

turbance and the system becomes unstable.

The third potential problem arises from Taylor instability, i. e., conditions

arising when the direction of acceleration at an interface is from the denser to
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the lighter fluid. The requirement for stability (in round tubes) in this case is

D<1.83 [—%T—
- alp; - o)

where D is the tube diameter, ¢ the surface tension, a the local acceleration,

given by

and Py and Py the liquid and vapor densities. For some acceleration in a direc-
tion opposite to the flow in a tube of given diameter, the liquid-vapor interface
will become unstable. Bench model tests and system tests (PSM-3) have shown
for the present SNAP 2 systermn that no such flow stability problems exist. In
general, it will be possible by the selection of RC orientation and configuration,
tube geometries, and performance conditions to provide a satisfactory stable
range of operation of the unit regardless of what the g level might be. In fact,
by having the direction of artificial ''g'" the same as the flow direction, stability

is enhanced.

Two collateral and less important effects related to spinning stations are
worth mentioning. First, the g force should be taken into account in designing
the control drum positioning fixtures. Secondly, the g effect may be used to
advantage (although startup in zero g is possible) in connection with system
startup by arranging for the artificial gravity to control the distribution of
liquid mercury in the desired manner. For example, the liquid distribution

at startup (and shutdown) could be exactly the same as exists for ground tests.
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APPENDIX E
RENDEZVOUS MECHANICS

An abundance of information has been published on the rendezvous and
docking of space craft. The data available (for example References 7-16)
indicate that it should be feasible for a shuttle craft to approach and dock at a
space station without being exposed to significant radiation from the operating
reactor. That is, it should be possible for the shuttle craft to remain in the
shadow cast by the station shield from the time that the station-to-craft range
is about 1500 ft until the time of contact. To clarify and support this view, a
simplified account of some aspects of rendezvous is presented in the paragraphs

below.

The mode usually considered for rendezvous of a ferry vehicle with a target
vehicle in earth orbit involves first placing the ferry in a co-planar intermediate
orbit, then transferring it to the orbit of the target. This approach gives far
greater launch time allowance than is available when rendezvous is accomplished
by direct ascent. Two types of intermediate orbit are often referred to: (1) an
elliptical or chasing orbit with apogee which matches the altitude of the (circular)
target orbit, and (2) a circular parking orbit. The latter case is the approach
adopted in several earth orbit rendezvous studies, with parking orbit altitudes of

about 100 miles and station orbit altitudes of about 300 miles.

Although nomenclature relative to the rendezvous maneuver varies in
industry practice and in the literature, the following tabulation (Table 9) charac-
terizes the four basic phases of the operation following departure from the

parking orbit.
TABLE 9

RENDEZVOUS NOMENCLATURE

Phase Description
1 Transfer orbit injection
2 Mid-transfer orbital corrections
3 Terminal homing (begins 5 to 100 miles
from target)
4 Docking (begins 500 to 1500 ft from target)
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Illustrated in Figure 48 is a typical rendezvous sequence. D.lferent studies
have covered the possibilities of: (1) the shuttle craft closing at about the same
altitude as the target, as shown in the figure, and (2) the shuttle craft departing
from the transfer orbit at a lower altitude and closing while the station main-

tains an earth-centered, vertical attitude.

Before beginning Phase 1, complete equipment and navigational checkout
will take place in the parking orbit. In general it is probable that several
guidance, navigation, and control modes will be available with both on-board
and ground derived information. It is possible that some orbital maneuver such

as an orbit plane change may be carried out prior to commencement of Phase 1.

Phase 1 will be initiated by impulse into the transfer orbit, and navigation
and guidance updating will take place during the flight — Phase 2. At or near
the apogee of the transfer orbit, either a second impulse will be applied to
circularize the shuttle craft orbit, or else the terminal homing phase will begin
with no separate circularizing impulse. Various error analyses have been
reported relative to the amounts by which shuttle craft position and velocity
differ from desired values at the end of the transfer orbit. These have covered
different control modes, orbital conditions, and equipment accuracies represent-
ing both current state of the art and projected capabilities. Typical results are

presented in Table 10.
TABLE 10

TERMINAL ERRORS — Transfer Orbit

Typical Errors
Single Impulse™ Two IrnpulsesT
Number parking orbits 0 1 0 1
Range (n.mi) 5 1.5 2 1
Altitude (mi) 2 0.2 1 0.2
Veelocity (fps) 35 10 15

*To initiate transfer orbit
tinitial plus final circularizing impulse

Phase 3, terminal homing, would probably be executed automatically with-
out manual intervention. In general the methods proposed for Phase 3 cor-

respond closely to guidance schemes long in use for aircraft interceptions, etc.
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The systems are low in complexity, and are further simplified because of the
near absence of atmosphere. Range, range rate, and target-ferry line of sight
angular turning rate are sensed and processed, ultimately resulting in com-
mands to the propulsion system. The current capabilities of typical sensing

equipment of the type called for in Phase 3 are tabulated below.14

TABLE 11

CHARACTERISTICS OF HOMING PHASE SENSORS

Variable Characteristic
Maximum range (mi) 150
Range accuracy (ft) + 0.5% £ 5
Range rate accuracy (fps) + 0.5% + 0.5
Angle accuracy (°) 0.25
Angle rate accuracy (milliradians/hr) 0.25

A number of parametric studies of terminal homing have been carried out
analytically and with simulators. In general it was found very practical for the
ferry to achieve a range from, and velocity relative to, the target which was very
suitable for initiation of the docking phase. This was true even in cases with
built-in errors, deviations in thrust and measurements of kinematic variables.
In a typical case, the miss distance at the end of a homing maneuver beginning
at 200,000 ft range was ~50 ft. The results of these studies, as might be ex-
pected from the information in Table 11, indicate the desired initial conditions
for the docking phase may be established with good accuracy. Currently on the
Apollo program, the reference values used for lo variation from desired posi-
tion and velocity at the end of the homing phase (beginning of docking phase) are
100 ft and 1 fps.

In order for the docking phase to be executed with the reactor operating and
without shuttle craft departure from the station shadow cone-corridor, it is
necessary that the Phase 3 rendezvous objective be a point astern of the station
(such as point 0 in Figure 11). This would require some change from *he
maneuver contemplated in many studies, and would involve a small ferry fuel

weight penalty. The total fuel consumption estimated for most docking piiase
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studies is roughly in the range 200 to 400 1b. The weight penalty for the modi-
fied maneuver discussed above would probably be a fraction of the total fuel

allotment for docking.

The docking phase would begin (for a station with NPP-MR) at a range of
about 1500 ft and would be carried out under manual control. The station
attitude would remain stable during this phase (about 1° limit cycle). A large
number of docking phase studies have been carried out analytically and with
simulators. These efforts usually have been designed to evaluate effects such
as control mode, thrust levels, system failures, lighting conditions, and visual
aids. They have encompassed a variety of initial conditions and possible system
failures. The results generally indicate that the craft can remain within the
specified corridor and dock within a reasonable time with either astronaut or
automatic control. In Table 12 are compared the NASA standards for allowable
docking terminal error with the results of one typical simulator stu.dy'..14 In
Figure 49 is shown a typical reported12 shuttle craft trajectory during the
docking phase. The run shown was the sixth executed by that particular astro-

naut, and it therefore reflects a moderate amount of practice.

TABLE 12

TERMINAL ERRORS — DOCKING

NASA Criteria | Typical Simulator Results 13
Distance (ft) 1 0.7
Relative velocity (fps) 2 0.4
Alignment (°) 10 4.0

A reliability study contained in one publication6 indicated a very low proba-
bility of failure to rendezvous. Ewven if during the docking phase the ferry
strayed from the corridor and an emergency condition developed (as might be
indicated by a gamma ray detector on the craft or extended from the craft on
a boom), there would be sufficient time to take corrective action before a
dangerous amount of radiation exposure occurred. In such circumstances the

astronaut might, for example, use reaction jets to accelerate the vehicle away
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from station and reactor.

For the Apollo case, if one quadrant of the propulsion

system fails, the other quads compensate and the craft should remain in the

shadow cone. It is estimated that a 'fly'" by the reactor would occur only if

three of the four quads failed. The probability of this occurrence is estimated

to be of the order < 10_6.,
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