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FOREWORD

This report presents the results of a study of a nuclear steam generator which uses
reactor technology developed during the aircraft nuclear propulsion program to produce
superheated steam for marine propulsion.

This system was first proposed to the Atomic Energy Commission in June 1961, and
was one of the results of an effort initiated in April 1961, following the cancellation of
the ANP program, to investigate other applications of the technology developed. Reviews
with members of the Atomic Energy Commission and the Department of Defense Agencies
established directions of interest for these studies.

Interest in this nuclear steam supply for maritime propulsion (designated the 630A)
resulted in the addition, by the Atomic Energy Commission, of $75, 000 to Contract
AT(40-1)-2847 with the Nuclear Materials and Propulsion Operation of the General Elec-
tric Company, on a no-fee, cost-reimbursement basis, for this portion of the study.
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1. INTRODUCTION AND SUMMARY

1.1 INTRODUCTION

1.1.1 NEED FOR MARITIME NUCLEAR PROPULSION

The national maritime policy is expressed in the Merchant Marine Act; its principles
relating to the field of nuclear propulsion are being carried forward today by the Mari-
time Administration. In particular, two of the four statements of policy in the Act sug-

gest the need for maritime nuclear propulsion. One sets forth the requirement for ves-
sels that are capable of naval and military duty in war or national emergencies, and the
other specifies the construction of vessels that are the best equipped, safest, and most
suitable to the interests of the United States.

Some of the compelling characteristics of nuclear propulsion that favor its use in ves-
sels of the U. S. Merchant fleet are:

1. High performance for naval or military duty

Nuclear propulsion meets the requirements for high speeds for extended periods,
or long service tours, without consideration of fuel consumption rates or fuel
depletion factors. This capability likewise has significant economic implications
for commercial maritime operation by permitting faster scheduled service.

2. Availability of fuel supply in a future emergency

In the event of a severe crisis of several months in which all types of fuel would be
unavailable, a fleet of nuclear-powered ships with their "built-in" fuel supply could
continue to operate.

3. Decreased ship displacement

The elimination of fuel oil in the nuclear ship permits the design of vessels with in-
creased cargo carrying capacity for the same total weight, or of lighter ships with
equivalent cargo capacity. Because the weight and size of the nuclear power supply
is independent of voyage length, this advantage becomes even more important for
long sea voyages. When properly designed, nuclear systems also lend themselves
well to use in efficient containerized ships.

4. Automation of nuclear ships

The nature of nuclear propulsion systems is such that a high degree of automatic
control is normally utilized in power-plant operation. Therefore, nuclear power
will facilitate the conversion to complete power-plant automation with the attendant
reduction in crew requirements.

5. Flexibility of operation

The selection of ports by nuclear powered ships can be made on the basis of avail-
able cargo without regard to the availability of fuel supplies. Thus, nuclear ships
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can take full advantage of any cargo of opportunity and need return to a specified

port for refueling only after extended tours of service.

1.1.2 SELECTION OF THE MOST ADVANTAGEOUS SYSTEM

On the assumption that nuclear propulsion for maritime vessels is indeed desirable,

the most advantageous of several possible systems must be selected.

Factors Favoring Superheated Steam Turbine Drives

Although a ship can also be propelled by diesel engines, steam engines, gas turbines,
and other devices, the steam turbine using superheated steam has emerged as the princi-

pal modern marine propulsion unit. Improvement of other propulsion devices, notably the
gas turbine, may possibly change this situation in the future. However, the high efficiency,

reliability, light weight, and commercial availability of the superheated steam turbines in
a variety of sizes, in addition to the widespread familiarity of operators with such systems,

favors their continued use in the immediate future.

Advantages of Gas-Cycle Nuclear Steam Generators

In the event of a national emergency, the conversion of a large number of existing ships

to nuclear operation may be required. This must be accomplished with a minimum of

modifications to the ship and propulsion equipment. Therefore, the nuclear steam gene-

rator selected for this purpose must be capable of producing a wide range of steam con-

ditions, and must be small enough to be installed in the space formerly occupied by the

oil-fired boilers.

Superheated steam can be produced by several types of nuclear systems. In an oil-fired

system, the boiler is heated by hot air and the combustion products of the fuel oil. The

nuclear system whose operation most closely resembles the oil-fired power plants is one

in which the gas entering the boiler has been heated by passing through the core of a nuclear
reactor. Even though the steam is to be heated to only 8000 to 10000 F, gas temperatures

in excess of 200 0 F are used in the oil-fired boiler. This is necessary to hold the boiler

to a reasonable size, because the air entering the furnace is essentially at atmospheric

pressure and because of the wide temperature variation within the heated gas. If a nuclear
reactor is used to heat the gas, however, the combustion process is eliminated and the

air can be heated to a relatively uniform temperature and recirculated in a closed pres-

surized loop. Acceptable boiler sizes can be achieved with lower gas temperatures in

such a system. Reactor exit gas temperatures in the range of 12000 to 14000 F, at pres-

sures of 300 to 400 psi, are quite adequate to produce superheated steam for the most

modern energy conversion system. Reactors capable of heating a gas to these tempera-

tures were developed by the General Electric Company during the aircraft nuclear pro-

pulsion program.

The advantages of the gas system are the production of steam of the required conditions
without the use of separate superheaters, operation at relatively low pressure levels, and

the use of readily available air as the working fluid.

The gas system avoids the very high pressures required by a pressurized water reac-

tor to produce steam even at 6000 F, which is well below the temperatures of modern
steam turbine operation. Such low-temperature steam could be superheated by passing

the steam vapor through a second high-temperature reactor, which becomes then, in

effect, a gas-cooled reactor. However, these power plants tend to be large, heavy, and
complex.

While the replacement of water by an organic liquid or a liquid metal might yield suffi-
ciently high temperatures to produce superheated steam without accompanying high pres-
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sures, a liquid metal system is subject to corrosive effects from the liquid metal within
the reactor and boiler and from violent chemical interaction with both air and water in
the event of leakage. Furthermore, the liquid metal must be maintained continuously in
the liquid state even during shutdown and maintenance of the power plant, in order to pre-
vent freezing and damage to the system components. The organic liquids, on the other
hand, are subject to both temperature and radiation damage.

Even should these problems be surmounted, any system using a highly specialized
coolant, whether organic liquid or liquid metal, is still faced with the problem of coolant
loss at sea and the resultant incapacitation of the power plant.

In the naval reactors program, both the pressurized water and liquid metal systems
were placed into operation. A decision was made to equip future submarines with the

pressurized water reactor after comparing the apparent performance superiority of the

liquid metals system against the reliability of the pressurized water system, when both

were evaluated in the light of the potential mission requirements for nuclear submarines.
It seems logical to assume that the same factors that led to the decision not to use liquid
metals in naval propulsion would also apply to maritime systems. If this is the case, the
gas-cooled reactor emerges as the foremost contender for the generation of high-temper-
ature superheated steam for maritime use.

1.1.3 POTENTIAL VALUE OF ANP TECHNOLOGY IN MARITIME APPLICATIONS

For use as a steam generator for maritime propulsion, a reactor must be small in
size to minimize installed shield weight, must be capable of providing hot gas at tem-
peratures higher than the required steam temperature, and should be economical to fab-
ricate and operate. Furthermore, it should have already demonstrated a high degree of
reliability if it is expected to be used in early nuclear powered merchant vessels. The
reactors most nearly meeting these requirements are those that were developed by the

General Electric Company during the aircraft nuclear propulsion program.

At the time of termination of the ANP program, the gas-cooled reactors under develop-

ment were producing gas temperatures substantially higher than those required for the
generation of superheated steam. However, the first reactor developed by General Elec-
tric in the ANP program, Heat Transfer Reactor Experiment No. 1 (HTRE- 1), produced
gas temperatures in the range of interest for maritime applications. The HTRE-1 reac-

tor was first operated in January 1956. Operation of the HTRE-1 and subsequent reactors
using the same basic type of fuel element continued through 1960. Concurrent with the
development of improved gas-cycle power plants, metallic fuel elements were also

steadily improved for use in more advanced, higher performance power plants.

A unique dual-coolant design is used in the HTRE-1 reactor, in which slightly pres-

surized water at 1600 F serves the combined function of moderator and structural coolant,
while the air that cools the reactor core is heated to temperatures of about 1400 0F. An
artist's concept of the reactor showing the principal components is shown in Figure 1. 1.
The HTRE-1 reactor during construction is shown in Figure 1.2.

The advantages applicable to maritime propulsion deriving from the highly developed
status of the HTRE-1 type reactor, contrasted to other gas-cooled reactors for steam
generation, are its compact size, the advanced status of fuel element development, and
the use of low-temperature structural materials.

1. Compact size

Because of relatively inefficient heat exchanger design and power distribution, most
gas-cooled reactors other than those developed during the aircraft nuclear propul-
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sion program have been large and therefore of questionable use for maritime appli-

cation. By contrast, compact size was of even greater significance in the ANP
program than it is in merchant vessels. Consequently, a major development effort

was undertaken to optimize the nuclear and thermodynamic design of the reactors
and to develop materials of high-temperature capabilities so that the highest possible

power extraction could be obtained from the reactor without exceeding the tempera-
ture limitations of the reactor materials.

The ANP program at General Electric involved extensive theoretical calculations,
critical experiments, reactor nuclear power operation, and in-pile and bench testing
of progressively improved fuel elements. Such stringent requirements have not had

to be met in other gas-cooled reactor programs. As a result, other designs have

not been brought to the same degree of compactness and over-all performance

achieved by the GE-ANP reactors.

2. Advanced status of fuel element development

The service life requirement for aircraft reactors was considerably shorter than
that of maritime vessels. On the other hand, the necessary temperatures in nuclear
aircraft power plants and the aerodynamic loading on the fuel elements both substan-

tially exceeded the requirements of a nuclear gas generator producing superheated
steam. An interpretation of the extensive test experience with fuel elements of the

HTRE-1 type toward the lower stresses, lower temperatures, but longer life require-
ment in maritime applications indicates that the 15,000-hour-life capability is achiev-
able with this type of fuel element.

3. Use of low-temperature reactor structure

The use of unpressurized water as both moderator and structural coolant, even
though the reactor exit air temperature is extremely high, is a unique feature of
the HTRE- 1 design that greatly simplifies the design of reactor structure. Even
though later ANP reactors used fuel elements of the HTRE-1 type, they employed
an air-cooled moderator and a structure capable of operating at high temperatures.

This was done because of the difficulty of rejecting heat from a low-temperature
moderator system at high aircraft flight speeds and high ram air temperatures.
This is not a problem, however, in a maritime system. Consequently, the reli-

ability of the low-temperature structure and the low cost of the HTRE-1 design can
be exploited in the maritime system.

The foregoing considerations indicated that there was ample justification for serious

consideration of the use of the HTRE-1 technology in maritime steam turbine propulsion
systems because of its advanced state of development, compact size, and evident simpli-
city, safety, and reliability. Consequently, a study was funded by the AEC and performed

by the General Electric Company to provide quantitative data bearing on the specific con-
figuration, weight, cost, and safety of such a system. The results of this study are sum-
marized in the following section. A more comprehensive treatment is presented in the

Technical Discussion.

1.2 SUMMARY

The objective of this study was to determine the specific areas in which additional de-
velopment or engineering are necessary to modify a reactor of the HTRE-1 type for use
as a nuclear steam generator that meets the maritime operational and safety require-
ments. Although additional interpretation of some of the results is required, this objec-
tive has been fulfilled.
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The nuclear steam generator, designated the 630A and shown in Figure 1.3, consists of a
water-moderated air-cooled reactor, a boiler, shielding, and accessory equipment. The
air flows through the reactor, is heated, and then passes over the steam tubes where its
heat is extracted. From the boiler it is routed through a single-stage blower and then back
into the reactor inlet to repeat the process. Throughout the closed cycle, the coolant air
is completely contained within the pressure vessel, which is fully shielded by the side
shield and shield plug. The reactor, shield plug, and reactor controls are designed as an
integral removable assembly for efficient maintenance and refueling.

In summary, the scoping study produced the following results.
1. 2. 1 SIZE AND WEIGHT

The application of HTRE-1 technology in marine nuclear propulsion results in a sys-
tem, the 630A, that is smaller (34 feet high by 18 feet in diameter) and lighter than
other nuclear systems proposed for maritime service. In the 30, 000-SHP version, the
630A weighs 340 tons; by contrast, in the nuclear ship Savannah, which generates only
20, 000 SHP, the shielding and containment alone weigh 1930 tons.

The small size of the 630A makes possible its installation in existing ships of as low
as 20, 000 SHP; together, the small size and low weight provide a new freedom in the
design of future merchant ships, a freedom not available to the designer of conventional
oil-fired ships nor in ships powered by nuclear power plants using the pressurized water
or boiling water reactor systems.

1. 2. 2 PERFORMANCE AND POTENTIAL

The 630A is designed to deliver high-quality steam (850 psi, 9500 F), for use in the
most modern steam machinery, or lower quality steam if required for a particular in-
stallation. While not yet demonstrated, the nichrome fuel elements have the required
life potential of 15, 000 hours of operation. Experimental verification has been initiated.

Methods for assuring the full life, if not initially achieved, are known.

A wide range of power can be produced by a single design of the 630A with no change

in basic technology. The 30, 000-SHP size used in this study was arbitrarily selected to
provide a basis for comparison with other nuclear systems studied by the AEC and the

Maritime Administration.

A number of advantages are derived from the use of the water-moderated core using
enriched fuel elements. The core can be very small. Even more important, this permits
the use of thin-section fuel elements, with high surface-to-volume ratios, fabricated of

materials such as nichrome, with excellent strength, temperature, and oxidation-
resistance characteristics. With this design, the power extracted is limited only by the

available coolant. The use of the enriched core also drastically reduces the total amount
of fuel and clad material that must be fabricated, installed, and reprocessed.

The 630A has good growth capability either to smaller, lighter power plants supplying
low-cost steam, or, because of the gas-cooled reactor, to a highly compact, very light-
weight gas-turbine propulsion system. For example, the power output can be approxi-
mately doubled by using helium instead of air. Increasing the gas pressure will also
increase output. The reactor can be made small enough for systems of as low as 8, 000
SHP without sacrificing efficiency, or large enough for power plants generating 100, 000
SHP or more.

1. 2. 3 SAFETY

The HTRE-1 reactor and its components received detailed study and experimental in-
vestigations to assure maximum safety in operation. The HTRE- 1 was reviewed and
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approved by the Advisory Committee for Reactor Safeguards in 1955. Later GE-ANPD
reactors using more advanced nichrome fuel elements were also reviewed and approved.
Extensive experiments and analyses were made of fuel element meltdown mechanisms
in the ANP reactors; the results of all such work indicated that this type of reactor is
inherently safe.

The reactor coolant in the 630A is completely contained within the pressure vessel and
the primary shield for maximum safety. This configuration permits close coupling of the
reactor, ducting, and heat removal equipment so that the passages through which the
coolant passes are all fully contained and no additional shielding is required for external
ducting.

The very low stored energy of the 630A minimizes the possibility of rupture of the
pressure vessel. An excessive power increase would shut down the reactor by a rear-
rangement of the fuel geometry before an excessive increase in pressure could occur.
The system also has the capability of radiating afterheat to the moderator water shortly
after shutdown. And, the use of air as the working fluid facilitates resupply of the cool-
ant, if necessary.

All normal motions of the ship will have no effect on the performance of the power
plant. The operation of the reactor is independent of its attitude, and all components are
designed to operate at as much as 90 degrees from the vertical. Grounding or collision
outside of the reactor compartment would have little effect on the ability of the power
plant to produce steam. A collision in or near the reactor compartment is less likely to
interrupt the steam supply in a 630A-powered vessel because of the smaller size of the
power plant. The likelihood of penetration of the pressure vessel depends upon the class
of vessel in which the power plant is installed. The compact core and small-radius pres-
sure vessel render the 630A reactor less vulnerable to rupture than the reactors in

larger systems, because a smaller target is presented to the penetrating ship. In addi-
tion, the placement of all of the shield and structure around the inner pressure vessel
makes its penetration, and damage to the reactor, highly improbable.

1. 2. 4 RELIABILITY

The 630A closed-gas cycle is basically simple and therefore reliable. No valves or com-
plex circuitry are required. Other than the reactor controls, there are only two moving
parts, the main blower and the standby blower. Reactor controls need not be sealed

against high pressure, because they operate in the low pressure (40 psi) moderator water.
In addition, the use of low-pressure air minimizes seal problems at the only possible
location for leakage, along the blower shafts.

The entire reactor structure, controls, and shield are maintained at less than 2000F
and subject only to the pumping head pressures of the moderator and shield water cir-
cuits. The steam side of the system consists of only a boiler and feed water heater; the
balance of the steam system is the same as for a gas-fired boiler.

1. 2. 5 OPERATION AND MAINTENANCE

The concept of the 630A power plant and its auxiliaries is such that a minimum of oper-
ating manpower is required, by making maximum use of automatic operation and requir-
ing minimum maintenance by shipboard personnel. Where easy component replacement
is not possible, easy access can be provided for remedial action and care can be taken
to assure the simplicity of the required maintenance activities. The blowers, actuators,
and all accessory equipment are accessible for shipboard service. The modular design
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of the 630A permits rapid removal of the reactor and installation of a replacement, min-
imizing in-port refueling time. The expended fuel elements will be removed from the
depleted core in a hot shop, the core reconditioned, and new fuel cartridges installed,
thus readying the system for the next vessel requiring refueling without in-port delay.
Because the 630A is a completely shielded unit, there is no need for exclusion areas.

The use of air facilitates the resupply of coolant, if necessary, and eliminates the
problem of loss of coolant for aftercooling.

1. 2. 6 COST

The cost of the design and fabrication of the full-scale prototype of the 630A, including
installation, a heat sink to take the place of the turbines, facility modifications, and 1
year of test operation, should be approximately $9, 000, 000. The first assemblies for
shipboard installation, including checkout, spares, and installation should be approxi-
mately $3, 000, 000 each. The annual cost of early versions of the 630A will be nearly
competitive with the cost of conventional oil-fired ships on New York to Western Europe
trade routes. Its annual costs are lower than those of other types of nuclear systems pro-
posed for maritime service.

The modular design of the 630A permits rapid removal and replacement of the reactor
as a unit, and its basic design concept reduces maintenance and lends itself to automated
procedures; these factors minimize costly in-port time, reduce maintenance costs, and
minimize the cost of shipboard operating and maintenance personnel. Installation of the
power plant can be performed at minimum cost because of the complete unit-design.

1. 2.7 SPECIFICATIONS

A summary of the 630A specifications is presented in Table 1. 1 for two sets of design
conditions, reactor exit air at 1400 0F (condition 1) and at 1200 0F (condition 2). Complete
specifications are given in Appendix A.

1.3 CONCLUSIONS AND RECOMMENDATIONS

1.3.1 CONCLUSIONS

The scoping study has confirmed the initial belief that the adaptation of HTRE-1 tech-
nology to maritime propulsion is entirely feasible and practicable. The 630A reactor
would be of the same basic design as the HTRE-1, using improved fuel elements of a
type originally intended for use in a nuclear turbojet prototype reactor. Because it is
lightweight, compact, and capable of producing high-quality steam, the gas-cycle nuclear
steam generator can meet the requirements of a wide variety of marine applications.
The system has adequate growth potential to meet most foreseeable marine propulsion
requirements.

The study revealed that there are no problem areas that would require the develop-
ment of new technologies. It is still necessary to demonstrate the 15, 000-hour life of
the nichrome fuel elements, but all extrapolations of the substantial existing experimental
data justify confidence in the long-life capability of this type of fuel element. Even if this
expectancy should not be realized, there are a number of other approaches available,
such as improvements in the size and shape of the UO2 particles, increased clad thick-
ness and cycle efficiency, reduced cycle temperature, etc. The power swings of the core
under long-time burnup must be investigated experimentally and analytically to assure
proper design compensation. A continuing appraisal of the design for safety is necessary,



19

TABLE 1.1

SUMMARY OF 630A SPECIFICATIONS

Condition la Condition 2 a

Maximum power, shp 30, 000 30, 000
Thermal efficiency, % 29.7 30.2
Maximum reactor power, mw 72 72
Propulsion weight ratio, lb/shp 91 91
Capital cost ratio, dollars/ shp 96 96
Fuel cost ratio, mills/shp 3.6 3.6
Steam conditions

Temperature, OF 950 950
Pressure, psi 850 850

Nuclear steam generator
Height, ft 34 34
Diameter, ft 18 18
Weight, tons 340 340
Maximum air pressure, psia 300 400

Reactor
Exit air temperature, OF 1400 1200
Fuel plate temperature, average 0 F 1575 1330
Fuel plate temperature, maximum 0 F 1750 1440
Maximum dynamic head, psi 1.2 1.5

aCondition 1: reactor exit air at 1400 0 F.
Condition 2: reactor exit air at 1200 0 F.

but the study verified that any problems in this regard are amenable to solution. Some
material problems, such as the nil-ductility temperature transition point in carbon steel
and the chloride stress-corrosion cracking in 304 stainless steel, must be investigated

and resolved.

1.3.2 RECOMMENDATIONS

Based on the results of the scoping study, it is recommended that the design and con-

struction of a full-scale development assembly be initiated immediately. This program

would encompass the design and operation of a critical experiment for the 630A, design,
development, and fabrication of the reactor shield control system, boiler, and auxiliaries,
refitting of the HTRE-3 test dolly to accept the 630A, necessary hazards evaluation and ob-
taining operational approvals, planning and scheduling of the test program, and the continu-

ation of the long-term irradiation of nichrome fuel sheet in a suitable facility. Suitably
funded, this program could be scheduled to commence testing of the 630A in October 1964,
as shown in the schedule in Figure 1. 4.

The design, development, and operation of the development assembly will serve several

useful purposes:

1. It will permit a checkout of the performance and operating characteristics of the
entire nuclear steam generator under simulated operating conditions.

2. The safety of the reactor and associated equipment can be studied and demonstrated.

3. The prototype will provide a vehicle for the continuing improvement of components,
such as fuel elements, control actuators, and operating controls, and for detailed
studies of installation techniques.
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4. It will permit the determination of those auxiliary systems which are actually re-
quired for ship operation.

5. It will provide the means for training qualified operating and maintenance personnel.

The gas-cycle system possesses numerous advantages over other approaches to mari-
time nuclear propulsion. The basic technologies required for the 630A power plant have
already been developed, and the major problems were solved, during the aircraft nuclear
propulsion program. It is a compact, reliable system uniquely suitable to existing,
planned, and future maritime vessels.





2. SHIP PROPULSION SYSTEM
DESCRIPTION AND OPERATION

The 630A nuclear steam generator described in this report is designed to replace oil-
fired boilers normally used with marine steam propulsion equipment. The 630A is
designed to produce high quality steam compatible with the modern, lightweight steam
propulsion equipment being widely used today. The gas-cooled reactor selected for the

energy source is of a type developed by the General Electric Company during the aircraft
nuclear propulsion program. It was considered attractive for this application because it

is potentially of low cost and because the years of experience with reactors of this type
have clearly defined their design characteristics and reactor physics. The use of a boiler
is recommended for heat removal rather than gas turbine equipment because of the avail-

ability of steam turbine equipment in the desirable sizes and power ranges, operator
experience, and because gas turbine equipment would have to be developed to meet the
propulsion requirements for each application.

While this report describes a possible steam cycle so that the performance of the ship
can be evaluated, it deals primarily with the nuclear steam generator because this com-
ponent is virtually independent of the propulsion equipment used. The power rating and
steam conditions used for the study are arbitrary values that were selected to facilitate
comparisons with other proposed nuclear propulsion systems.

2.1 DESCRIPTION OF THE 630A NUCLEAR STEAM GENERATOR

The 630A nuclear steam generator consists of a reactor, shield plug, boiler, pressure
vessel, side shield, and two axial-flow blowers, arranged in a vertical assembly as
shown in Figure 2. 1. The boiler is located in the lower part of the pressure vessel with
the tube sheet at the bottom. The tube sheet also serves as the lower head for the vessel.

The reactor and shield plug are permanently assembled and constitute a unit usually
called the reactor - shield-plug assembly. The reactor is suspended from the shield plug

by the moderator water exit pipes and the 72 shim rod guide tubes, and is located immedi-

ately above the boiler. Part of the shield plug extends into the pressure vessel; the re-
mainder extends above it. A flange located about half-way up the shield plug closes the
pressure vessel at the top. The axial-flow blowers are located within two equally spaced
nozzles that penetrate the pressure vessel near the bottom. The side shield surrounds
the pressure vessel.

The primary-loop working fluid, air, is contained entirely within the pressure vessel

and is circulated around the closed loop by the main axial-flow blower which takes its

suction from the plenum below the boiler. Air discharged from the blower is directed to

the annular duct passage that surrounds the boiler and the reactor vessel. The outer sur-

face of the duct is insulated to minimize heat loss from the air to the shield water.
Reaching the plenum formed by the lower surface of the shield plug and the upper face of

23
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Fig. 2.1 - Artist's concept of the 630A nuclear steam generator
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the reactor vessel, the air then flows into the bellmouth entrances of 85 individual fuel
tubes and through the reactor. Flowing downward through the active core, it extracts
heat from the concentric ring fuel elements by means of turbulent forced-flow convective
heat transfer. The air is then discharged into a plenum between the reactor and the
boiler. Instrumentation for measuring air temperature would be provided within this
plenum. Heat is transferred in cross-counter-flow from the air to the steam and water
in the boiler by first passing over the steam superheating surfaces which comprise about
15 percent of the total heat transfer area. It then passes successively over the evapora-
ting and economizer surfaces which contain about 54 and 31 percent of the total heat
transfer area, respectively. Finally, the air discharges from the boiler, flows outward
to the annular duct, and returns to the blower inlet, thus completing the cycle.

During startup or aftercooling operations, the cooling air is circulated by the auxiliary
blower which is located diametrically opposite the main blower. Check valves are located
at the discharge of each blower to prevent backflow through the blower not in use.

2. 1. 1 REACTOR

The design of the 630A reactor is similar to the HTRE- 1 reactor, modified to incorpo-
rate improvements arising out of the HTRE-2, HTRE-3, and XMA-1A reactors. It is
water-moderated, air-cooled, and uses metallic fuel elements. The reactor vessel is a
stainless steel cylindrical tank closed at each end by tube sheets (see Figure 2. 2). The
tube sheets are penetrated by 85 air tubes, each of which contains a fuel cartridge. In-
side the tank and surrounding the 85 tubes is a reflector-thermal shield of beryllium and
stainless steel. The moderator water fills the voids inside the vessel and around each
fuel cartridge. A double water-pass tube extends down from the shield plug through the
center of each fuel cartridge. By thus providing moderation in the center of each fuel
cartridge, the moderator and fuel are made more homogeneous. In assembling the core,
each fuel cartridge is inserted from the bottom of the reactor and passes over the double-
pass tube like a ring over a finger.

The active core is 48 inches in diameter and 27. 5 inches high; the reactor vessel is
68. 8 inches in diameter and 63. 5 inches high. The reflector-thermal shield between the

active core and the vessel attenuates the flux sufficiently to prevent excessive tempera-
ture gradients in the walls of the reactor vessel or the pressure vessel. The reflector-

thermal shield below the active core prevents significant activation of the steam and
boiler tubes.

The feasibility of flattening the reactor power to about 8 percent has been demonstra-
ted in earlier reactors of this type. To accomplish this requires an extensive critical

experiment program early in the design phase but the gains in performance should far
outweigh the cost of this effort. The gross radial power, i.e., the power per unit of frontal

area of each fuel cartridge, is equalized by varying the diameter of the center moderators,
thus displacing fuel rings in the outer radius fuel cartridges. Analysis indicates that, using
three zones to achieve the desired flattening, all fuel tubes will be equally spaced and
equal in diameter. The fine radial power within each fuel ring is flattened by varying the
thickness of the fuel rings. Since the moderator surrounding each fuel cartridge and the
moderator rods inside the cartridges are the primary sources of neutrons for fission,
the flux is attenuated through the fuel rings separating these sources. The thickness of
the fuel ring matrix is varied to compensate for this attenuation. This method provides
an excellent heat flux control and permits an equal hydraulic diameter between the fuel
rings, thus producing a maximum utilization of the heat transfer area.

Fuel Elements

The 15, 000-hour life requirement of the 630A necessitates careful consideration of the
power swing with fuel hurnup. Since the quantity of fuel in the rings is varied and the
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number of fissions for each ring is approximately equal, the power in the thinner rings
will decrease relative to the power in the thicker rings as the fuel is burned up. Fortu-

nately, the major portion of the power swing occurs in the first ring receiving the neutron
flux from the moderator. Therefore, since the area that experiences a large burnup is

small, the increase required in the remaining fuel area to maintain constant reactor
power is less pronounced. With proper initial power adjustment, the maximum fuel plate
temperature swing caused by fuel burnup should be less than 45 0 F.

The cartridge design of the fuel elements was originally developed for the HTRE-1
reactor. The improved version to be used in the 630A resulted from operation in later

power reactors and from approximately 20, 000 hours of in-pile testing. Figure 2. 3 shows
two views of the improved fuel element. The fuel sheet is composed of a matrix of 80Ni -
20Cr mixed with 38. 7 weight percent fully enriched UO2 and clad with 80Ni - 20Cr sheet.
An edge seal is provided around the sandwich. Sheet integrity is checked prior to and
after assembly. Each fuel ring is held in place by the leading edge comb to which it is
brazed. The fuel cartridge is an assembly of 9 stages stacked and welded together at the
junction of the outside unfueled ring. A fuel cartridge assembly is shown in Figure 2. 4.

The nichrome fuel elements have demonstrated satisfactory characteristics at high

temperatures and dynamic heads, but have not been tested for the 15, 000-hour operation

at the reduced temperatures and stress levels of the 630A. The longest fuel test was

accomplished in the HTRE-2 reactor, and consisted of 997 hours with plate temperatures
ranging from 11500 to 15000F. This range is approximately that expected in the 630A,
that is, 13300 F maximum average* with a 14750F hot spot. No oxide penetration was

Fig. 2.3 - Front and rear views of the improved fuel elements

*The maximum average temperature is the maximum temperature that would exist in a fuel cartridge of average
power and flow.
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detected in the metallographic examination of these elements. The maximum total atom
burnup, 0. 6 percent, experienced with the nichrome fuel elements resulted during tests
in the MTR at fuel element temperatures of 18500F. No damage to the sheet was observed

with this burnup and temperature. This corresponds to approximately 4000 hours of oper-
ation in the 630A except that the temperature was about 5000F higher. Tests were per-
formed in the ETR on full-scale cartridges of the 630A design at temperatures of 19000 F
for over 200 hours without failure of the fuel elements. Similar results have been obtained
with HTRE-3 cartridges. In the HTRE-3 reactor, operating temperatures up to 20500 F

were recorded for 25 hours, following 125 hours of operation at temperatures up to 19500F.

No deleterious effects were found in these fuel elements after these tests.

Additional details on the HTRE-1, -2, and -3 reactors, as well as the XMA-1A reactor,

are presented in Appendix B.

The conclusion that the 630A objective life will be met is based on this history of suc-

cessful operation and tests of metallic fuel elements, coupled with continuing improve-
ments and analytically extrapolated over the life requirements and operating conditions
of the 630A. Results of planned in-pile sample tests and laboratory tests to be performed
concurrently with the assembly design should yield information useful to the solution of
unexpected problems, should any arise.

2. 1. 2 REACTOR CONTROL ACTUATORS

The control rod actuators are mounted on top of the shield plug and drive the control
rods into and out of the reactor through the guide tubes connecting the two components.
There are 72 shim rods, operated by 27 electrical actuators, and 81 scram rods oper-
ated by 31 spring-driven, air-cocked actuators. The scram rods are situated in the cen-
ter moderator tubes and the shim rods are positioned at the interstices between the fuel
tubes.

The amount of reactivity controlled by any actuator is limited to less than $1. 00, but
all actuators respond to a withdraw or insert signal and are capable of producing a rate
of change in reactivity of 1 percent per minute. A faster regulating rod, capable of a

reactivity change of 4 percent per minute will be used for power changes. The scram rods

are independent and are capable of full insertion in less than 0. 5 second.

Since the water in the reactor is separated from the air by the welded steel reactor

and shield plug structure, the pressure is maintained at a relatively low value, approxi-
mately 40 psia. This simplifies the problems of control rod seals that arise in reactors
in which water pressures of 1000 to 2000 psi are encountered.

2. 1. 3 SHIELD PLUG

The reactor vessel is connected to the shield plug by 72 shim-rod guide tubes and 4

exit-water pipes. A separation of about 6 inches forms the inlet air plenum for the reac-
tor. The plug is also a water tank with lead and steel slabs for shielding. The water from

the shield plug flows into the reactor vessel through the shim-rod guide tubes and exits
through the return pipes after cooling the reactor structure and reflector-thermal shield.

Some of the water from the shield plug flows down and back through the double-pass cen-

ter moderator rods, thus maintaining these rods at close to water temperature.

The shield plug is divided into two sections by the lead slab clad in stainless steel. The

upper section serves as the inlet water plenum and the lower section is the outlet plenum.
The hot exit water passes through the feedwater heater, gives up its heat to the steam
cycle, and returns to the inlet section for redistribution to the reactor. The shield plug

also serves as the top head of the pressure vessel to which it is gasketed and bolted.
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2. 1. 4 SIDE SHIELD

The side shield is integral with the pressure vessel and surrounds the reactor and
boiler. (The shield plug is the top shield and the boiler the bottom shield. These two
components are also gasketed and bolted to the pressure vessel, thus sealing the top
and bottom.) Composed of lead, steel, and borated water, the side shield is designed
to prevent the external radiation level from exceeding 2 milliroentgens per hour. Heat
from the shield water is transferred to a fresh water loop which in turn discharges the
heat to sea water. The intermediate loop is provided to prevent salt contamination of
the shield materials.

2. 1. 5 CONTAINMENT

There are three barriers in the 630A to prevent the release of fuel element fission
products to the environment. The first is the cladding over the fuel matrix. Should this
barrier be penetrated, the fission products would be contained in the primary air loop
which is fully shielded by the side shield and shield plug. In the event the air loop is
breached, containment is provided by one of two methods. (1) Since the most likely way
for the air loop to be breached is a gasket leak or failure at the bolted flange, the first
method would be to provide a small vessel over each of the flange joints: the upper shield-
plug flange, the lower steam-generator flange, and the two blower flanges. (2) If it should
be desirable to contain this type of breach as well as a rupture of the pressure vessel,
the entire power plant can be enclosed in a containment vessel. This degree of contain-
ment can also be accomplished with the individual component containment by making the
outer shield-tank wall a containment member.

2. 1. 6 BOILER

The once-through design of the boiler is very similar to the design used in the Enrico
Fermi power plant. Serpentine tubes carrying the water and steam are formed into an
involute and spaced to permit airflow over them. The inlet ends are welded into a tube
sheet at the bottom of the assembly and are accessible for service and plugging in the
event of leakage. Feedwater is admitted to the tubes through the outer annular header,
passes upward through the serpentine passages where it is evaporated and superheated,
and returns to the central header through the tube sheet at 9500F and 850 psia. The
boiler water inlet and steam exit headers are divided into four sections to permit quick
isolation of a failure in the event it is not practical to plug the faulty tube.

2.2 PROPULSION SYSTEM

2. 2. 1 DESCRIPTION

The propulsion equipment consists of the nuclear steam generator, propulsion turbines,
drive turbine for the main blower, auxiliary turbine generator, and other auxiliary equip-
ment such as condensers, feedwater demineralizer, condensate pumps, and desuper-
heaters. A typical arrangement is shown schematically in Figure 2. 5. The main propul-
sion turbines and auxiliary equipment referred to as the secondary loop are conventional
units in all respects. The steam cycle is a regenerative, non-reheat cycle utilizing 4
stages of feedwater heating.

High-pressure, high-temperature steam is delivered to the propulsion turbine throttle
from the nuclear steam generator. The propulsion turbine consists of a cross-compound,
single-flow arrangement with four steam extraction openings leading to the auxiliary
equipment. Three extractions are taken from the high-pressure unit and one from the
low-pressure unit.
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The first steam extraction is taken from the first stage shell of the propulsion turbine
and is used to operate the main blower turbine, the auxiliary turbine generator, and the
turbine-driven boiler feed pump. The next steam extraction is used to generate low-
pressure steam for ship's service and to provide heat to the high-pressure, or fourth,
closed feedwater heater. The third steam extraction opening is used to bleed steam which
is delivered to the third closed feedwater heater. The second deaerating feedwater heater
receives heat from the boiler feed-pump turbine and from the exhaust steam of the main
blower turbine. The fourth extraction from the main propulsion turbine is a low-pressure
extraction used by the evaporator which provides fresh water for ship's service and make-
up water for the steam power plant. Steam not extracted from the main propulsion turbine
continues its expansion to the main condensor, condenses, and is pumped from the con-
denser hot well to be mixed with condensate from the auxiliary turbine-generator unit.
The condensate next passes through the demineralizer and then to the first, or low-pres-
sure, feedwater heater. Rather than using low-pressure extracted steam for its heat
supply, this first heater, a shell-and-tube-type heat exchanger, recieves its heat from
the reactor water moderator. A cycle performance gain is thereby achieved because
moderator heat is not lost from the thermodynamic cycle of the power plant.

The temperature of the feedwater is elevated further as it is pumped through the re-
maining three feedwater heaters of this regenerative cycle. The steam-turbine-driven
boiler feed pump elevates feedwater pressure and returns the feedwater to the economizer
section of the steam generator. A motor-driven boiler feed pump is available for startup
and emergency operations.

The boiler is of once-through design, i.e., neither a water drum nor recirculating pump
are required because feedwater flows continuously from the economizer to the evaporator
and then to the superheater where it emerges as superheated steam.

A steam desuperheater is utilized to provide steam of reduced pressure and tempera-
ture directly to the auxiliary turbines during astern and reduced-load operations. During
normal load operation, the desuperheater provides steam to the steam-jet air ejectors.
A second desuperheater is used in the main steam bypass line to the main condenser for
use during startup and also in the event of required steam dump to the condenser if load
is suddenly dropped.

2. 2. 2 CORRECTED CYCLE PERFORMANCE

The thermodynamic performance for the normal power conditions of 27, 300 SHP, shown
in Figure 2. 6, represents the first iteration for the over-all power-plant heat balance.
As the studies progressed and as more detailed information about the components became
available, it was apparent that the selected cycle required corrections and changes that
would reduce the efficiency prediction of 31. 1 percent. The following changes of the
arrangement, and the effects on performance, are anticipated.

1. A noncondensing steam turbine is recommended for the main blower drive instead
of a condensing turbine. This arrangement, shown in Figure 2. 5, results in a per-
formance gain as well as in the elimination of a reduction gear between the blower
and the turbine operating at an absolute back pressure of 1. 5 inches of Hg.

2. The current estimates of auxiliary generator power are 539 kilowatts rather than
687 as assumed initially.

3. Correction for mechanical packing leakage and astern rotational losses will cause a
reduction in performance.

4. Steam losses, steamflow to steam-jet air ejectors, and gland leakoffs not initially
accounted for will reduce the performance level.

5. Increasing the air temperature at the economizer exit from 4720 to 5500F and elim-
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inating the shield-air heat exchanger will also increase reactor power requirements

and reduce performance.

Correcting the original predictions as indicated above yields an efficiency of 30. 2 per-
cent at the 1200 0 F and 400 psi air conditions and 29. 7 percent at the 1400 0F and 300 psia
conditions. Optimization, as described in section 2. 2. 5, could increase these values
which are now considered to be conservative.

2.2.3 DESIGN POINT RECOMMENDATIONS

Most of the analyses of the 630A nuclear steam generator were performed for a reac-
tor exit-air temperature of 1400 0 F, the temperature necessary for a direct-gas-cycle
system. An exit-air temperature of 12000 F would be quite satisfactory and is recom-
mended for the 630A because it eases many of the design problems such as boiler sup-
port, fuel element life, material requirements, and plugged boiler tubes. The required
shaft horsepower of the system would be met by increasing the pressure to compensate
for the lower temperature. The pressure vessel was designed to accommodate such a
change because this possibility was recognized early in the design. The efficiency of the
cycle remains essentially unchanged at 1200 0F. The capability of operation at 1400 0F
will be maintained for future adaptation to a direct-gas-cycle system. A summary of
various parameters at the two design conditions is presented in Table 2. 1.

TABLE 2. 1

SUMMARY OF 630A PERFORMANCEa

Condition 1 Condition 2

Reactor airflow, lb/sec 353 275
Reactor inlet temperature, OF 570 550
Reactor exit temperature, OF 1200 1400
Maximum average fuel temperature, OF 1330 1575
Maximum hot-spot fuel temperature, OF 1475 1750
Blower discharge pressure, psia 400 300
Reactor exit pressure, psia 384.3 288
Boiler exit pressure, psia 376.1 276
Reactor maximum dynamic head, psi 1.44 1.2
Steam temperature, OF 950 950
Steam pressure, psia 850 850
Normal rating, shp 27, 300 27, 300

aCondition 1: reactor exit air at 1200 0F.

Condition 2: reactor exit air at 1400 0F.

2. 2. 4 CYCLE PERFORMANCE

Preliminary over-all power-plant performance estimates were based on assumptions
of power plant size, auxiliary power, ship's heating load requirements, primary loop,

and operating conditions of the working fluid in the secondary loop, as detailed in the
following paragraphs.

The reactor is rated at 65. 4 megawatts for operation requiring 27, 300 normal SHP and
normal auxiliary power and heating requirements. The reactor is capable of generating
72 megawatts as required for producing 30, 000 maximum SHP with normal ship's service

auxiliary loads. During operation under normal sea conditions with 27, 300 SHP, the power
plant is capable of providing heat for a normal Butterworth heating load of 35 x 106 Btu/hr.
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The primary loop air temperature at the reactor exit was assumed to be 14000 F and
300 psia as the main blower discharge pressure. Other values of primary loop tempera-
tures and pressures are entirely feasible. Performance variations resulting from the use
of other operating conditions have been estimated and are presented at the end of this

section.

A wide variety of both steam conditions and feedwater heating cycle arrangements is
practical. The steam conditions selected were 850 psig, 9500F throttle steam with a back
pressure of 1. 5 inches Hg, absolute. These conditions are believed to be the maximum

desirable pressure and temperature for use in current maritime vessels. The arrange-
ment of feedwater heaters and the estimates of steam cycle performance were based on
the recommendations and procedures outlined by Giblon and Stott. *

Optimization studies involving several power-plant heat balances indicate that the opti-
mum final feedwater temperature is about 4000F and that variations of 500 F from this
value do not significantly affect thermodynamic cycle efficiency.

Detailed performance estimates have been made for the 27, 300-SHP plant. Four differ-
ent levels of propulsion power are shown in Figures 2. 6, 2. 7, 2. 8, and 2. 9 for power
levels of 27, 300, 30, 000, 22, 500, and 15, 000 SHP, respectively. The resulting over-all
efficiency estimates over the load range from 50 to 100 percent maximum power are
shown in Figure 2. 10. The over-all plant thermal efficiency over the load range from
25, 000 to 30, 000 SHP is about 31 percent.

As shown in Figure 2. 6, air enters the reactor at about 300 psia and 527 0F. It is heated
to an average temperature of 1400 0 F at the reactor exit. The pressure drop from reactor
inlet to exit is 4 percent or 12 psi. The airflow rate is 244. 6 lb/sec. Air enters the super-
heat section of the boiler at 1400 0 F and 285 psia. Heat is transferred to the steam and
water at the rate of 213 x 106 Btu/hr and air is discharged from the steam generator at
472 0 F and 276 psia. The pressure loss is about 3 percent or 9 psi. The axial-flow blower,
with an operating pressure ratio of 1. 087, increases air pressure to 300 psia and about
500F. The blower is driven by a 2125-brake-horsepower steam turbine. Primary loop

duct pressure losses between the blower and the reactor inlet are about 1 percent or 3
psi.

A summary of the most significant thermodynamic performance predictions of the 630A,
as presented in Figure 2. 6, is given in Table 2. 2, and a summary of the thermodynamic
performance of the secondary loop steam cycle, is given in Table 2. 3.

2.2.5 CYCLE OPTIMIZATION AND VARIABLES

The thermal efficiency of 31.1 percent indicated on Figure 2.6 is based on a prelimi-
nary calculation. Although it compares favorably with present-day maritime steam plant

performance, it does not represent the maximum achievable efficiency. Several available
methods of increasing the performance level are available: (1) higher primary loop oper-
ating pressure; (2) use of higher throttle steam pressure and temperature; and, (3) se-
lection of a steam reheat cycle rather than a nonreheat cycle.

1. The performance is improved by increasing the primary loop air pressure because
pressure losses are decreased as a result, thereby reducing the fan power require-
ments. For example, increasing the pressure from 300 psia to 450 psia produces an
over-all efficiency of about 32.6 percent, a gain of 5 percent.

*Robert P. Giblon and Chester W. Stott, "Effect of Steam Conditions and Cycle Arrangement on Marine Power

Plant Performance as Determined by the Electronic Computer," The Society of Naval Architects and Marine

Engineers, April 10-11, 1961.
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TABLE 2. 3

THERMODYNAMIC PERFORMANCE OF THE 27, 300-SHP

SECONDARY LOOP STEAM CYCLE

Over-all thermal efficiency, % 31. 1

Rating, shp 27, 300

Steamflow rate, lb/hr 198, 300

Throttle pressure, psig 850
Throttle temperature, oF 950

Condenser pressure, in. Hg abs. 1. 5

Auxiliary power, kw 687

Blower power, bhp 2, 125

Boiler feed pump power, bhp 431

As discussed previously, reducing the reactor average exit-air temperature, at
lower fuel element plate temperatures, causes a relatively small loss in efficiency.
At 13000F exit-air temperature (instead of 1400 0 F), the efficiency is only reduced to
30.9 percent. At an exit-air temperature of 1200 0 F, the efficiency is reduced to 30. 5

percent. Of course, to maintain constant reactor power, pressure level, and primary
loop pressure ratio, increased airflow, flow areas, and heat transfer areas would
be required at the reduced temperature. The efficiency loss and area increases re-
sulting from the lower air temperature can be more than offset by increasing the
primary loop pressure level. Table 2.4 shows, for various air temperatures, the
pressure levels required to maintain the flow areas associated with the 14000 F air

temperature design. Resulting over-all thermal efficiencies are shown and indicate
slightly better performance as temperature is decreased to 12000 F and pressure is
increased to 395 psia.

2. Improved performance can also be achieved by using higher throttle steam tempera-

tures and pressures. For example, if the steam temperature is increased from
9500 F to 1000 F, the efficiency increases from about 31. 1 percent to about 31. 5
percent. Raising the operating pressure from 850 psi to 950 psi would produce a
gain in efficiency from about 31. 1 percent to about 31.4 percent.

3. Better performance can also be realized by using a steam reheat cycle, instead of a
nonreheat cycle, utilizing heat addition to the steam as it passes from the high-

pressure propulsion turbine to the low-pressure turbine. This could probably be
accomplished most easily with a steam-to-steam reheater. The performance gain
would be about 4 percent (from 31. 1% to 32. 3%).

TABLE 2.4

EFFECT OF VARIATIONS OF AIR TEMPERATURE AND
PRESSURE LEVEL ON EFFICIENCY

Core Discharge Primary Loop Over -all Thermal
Air Temperature, Pressure Level, Efficiency,

OF psia %

1400 300 31.1

1300 342 31.5

1200 395 31.6
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To summarize, the proposed 630A power plant is adaptable for use with either new or
existing high-performance marine steam power plants. It is fully suitable over a broad
range of capacities and operating conditions.

2.2.6 OPERATION

Startup

During startup, the power plant operates off of the auxiliary and standby equipment -
the auxiliary blower, the motor-driven boiler feed pump, and standby power generating
units. The nuclear steam generator steam discharge is connected to the main condenser
through a pressure regulating valve and desuperheater. All steam turbine throttle valves
are closed. The boiler is filled with water to a predetermined level and then the feed-
water supply is shut off. The nuclear steam generator is charged with air and pressurized
for the proper operating pressure at the desired loop temperatures. The cooling air is
circulated by the motor-driven auxiliary blower. The water moderator is circulated
through the reactor and the reactor is gradually brought to about 10 percent of scheduled
power. As steam is generated in the boiler, the steam pressure increases to a controlled
level and steam is bled through the pressure regulating valve and desuperheater to the
main condenser. As the boiler water level decreases, and as steam temperature increases
to a scheduled value, the feedwater controls gradually supply feedwater at a scheduled
flow rate which is automatically trimmed to maintain the desired steam superheat tem-
perature.

At this point the steam flow to the condenser is shut off and desuperheated steam is
delivered directly to the main blower turbine, the auxiliary turbine-generator, and the
boiler feedwater-pump turbine. Standby motor-driven pumps and generators are shut
down and the auxiliary air blower is stopped, although its motor drive continues to idle
on a standby basis.
Operation

With increased reactor power, steam is admitted to the propulsion turbines and the
power plant is operating in the reduced power operating mode. Propulsion power changes
are obtained by operation of a power demand lever which provides scheduled demands for
airflow, reactor power, and feedwater flow. Corresponding manual adjustment of the pro-
pulsion turbine throttle valves is required for regulation of the vessel's speed. Up to about
70-percent load, the auxiliary steam turbines continue to operate on desuperheated steam.
To improve efficiency at greater loads, the desuperheated steam supply to these turbines
is automatically cut off and steam extracted from the main propulsion turbine is used to
drive the auxiliaries. Thus, during normal operation, except for a small amount of de-

superheated steam supplied to the steam-jet air ejectors, all steam generated is supplied
to the propulsion turbine throttle. During maneuvering operations, a maximum time of

40 seconds is required for propulsion load changes of 20 to 60, 60 to 80, 80 to 40, and 40
to 20 percent load.

Astern operation is accomplished in a conventional manner; i.e., the main propulsion
turbine throttle is closed, desuperheated steam is automatically admitted to the auxiliary
turbines, and excess steam, desuperheated and reduced in pressure, is delivered to the

main condenser. A guarding valve and an astern turbine throttle valve are then opened to

admit steam to the astern turbine rather than to the condenser. Eighty percent normal

ahead torque at 50 percent normal ahead rpm is obtained with design steam pressure and

temperature.

Shutdown

The shutdown procedure consists of reducing the power level to about 10 percent of full
power; the auxiliary turbines are then automatically converted to operation on desuper-
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heated steam. The auxiliary blower is brought up to speed and the motor-driven boiler

feed pump is cut in after the standby power generators are placed in operation. Steam
generated in the boiler is then diverted to the main condenser through the bypass desuper-
heater and the reactor is shut down.

A variety of control signals, as shown in Appendix A, will initiate reactor scram. The
power-plant operations that occur during and subsequent to the reactor shutdown are
carried out in the following sequence:

1. The auxiliary blower and auxiliary boiler feed pump are put on the line, loading the
diesel-driven auxiliary generator. Circulation of aftercooling air is established and

circulation of feedwater through the steam generator is maintained.
2. Simultaneously, the throttle steam is bypassed around the main and auxiliary tur-

bines to the condenser to cut off the low-pressure, low-temperature steam to the
turbines.

3. Moderator and shield circulating water pumps, receiving power from the emergency
electrical system, continue to operate. Moderator heat is transferred to the feed-
water system, as it is during normal operation.

4. The steam propulsion plant and steam-driven auxiliaries are secured in conven-
tional fashion.

5. The auxiliary blower continues to circulate air around the primary loop to remove
the afterheat from the active core. Feedwater circulation through the boiler is
maintained so that afterheat is eventually dumped to the condenser circulating water.
The blower is driven by a 300-hp electric motor and is sized to circulate air around
the primary loop at the rate of 15 pounds per second as required for adequate after-
heat removal from the reactor. This flow rate is attainable if the primary loop pres-
sure has decreased to atmospheric pressure.

In the event of failure of the main blower, the power plant can be operated at a signifi-
cant power level by using the auxiliary blower and maintaining 300 psia pressure in the
primary loop. The power level thus achieved is adequate to provide steam for the steam-
driven auxiliaries and also about 33 percent of maximum rating, about 10, 000 SHP. If the
primary loop air pressure were 14. 7 psia, the steam generation under auxiliary blower
operation would be adequate for normal auxiliary turbine-generator power production.

2.2.7 POWER PLANT CONTROLS

General

The objective of the study of the control system was to provide a preliminary evaluation
of various combinations of control parameters and methods of integration of the nuclear
steam generator control with controls of conventional marine propulsion equipment. This
included evaluation of operational procedures, safety actions, and stability and response
utilizing an analog computer simulation.

Several systems were evaluated. The most desirable for use with the once-through
boiler and conventional marine propulsion equipment is a system that utilizes a single
power lever that generates, as a function of its position, demands for reactor power level,
feedwater flow rate, and main blower turbine drive speed. The assumption was made that
the individual manually operated control and bypass valves would be used for control of
the main propulsion turbine speed. (If these valves were to be automated and used in a
closed speed loop in which the demand is scheduled as a function of power level position,
fully integrated control of the complete propulsion system would be achieved.) In addition
to the scheduled demands, individual manual trim adjustments are provided for each of
the scheduled parameters. These trims provide a means of eliminating individual loop
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errors as well as permitting any desired off -schedule operation. These features are
similar to those incorporated in control systems developed during the ANP program.

The control system is shown schematically in Figure 2.11. All directly or indirectly

controlled variables are indicated by symbols in the circles along the right side of the
drawing; those parameters used as feedback signals are indicated by symbols in circles
at the top of the drawing; and parameters demanded by the power lever, or individually
by operators, are shown along the left side of the drawing. A description of the indivi-

dual control loops shown in the diagram is presented in the following paragraphs.

1. Reactor control

The power demand is generated by a two-dimensional cam which is positioned by the

power lever. This demand is compared with (1) measured reactor power, (2) the
difference between measured throttle pressure and the reference design pressure,
and (3) the difference between reactor discharge air temperature and the reference
design value.

The pressure error signal is limited in magnitude by a built-in limiter which per-
mits shifting the reactor power around the demanded value (pD) only within the set
limits. If the measured pressure exceeds the reference pressure the solarity of the
error signal calls for a decrease in reactor power and vice versa. Thus the pres-
sure signal acts to trim, within limits, the scheduled power demand to provide the
desired throttle pressure.

The reactor discharge temperature signal is blocked unless it is greater than the
reference signal, in which case the amount that the measured temperature exceeds
the reference is summed with the same polarity as the flux feedback signal. Thus, an
overtemperature acts to reduce reactor power to bring the temperature within
limits.

2. Blower speed control

In order to minimize variations in reactor fuel plate temperature and to improve

low-power performance, the airflow through the reactor is varied as a function of

power demanded. This is accomplished by varying the speed of the steam turbine

that drives the main blower. The demand for speed is generated by a two-dimen-

sional cam which is positioned by the power lever. A separate speed control for use

during startup and off -normal operation is also provided.

3. Feedwater flow control

The feedwater flow is used to control the superheater outlet temperature and is

scheduled with the power level. The demand is generated by a two-dimensional cam

which is positioned by the power lever. The flow scheduled is that quantity which the

scheduled power will convert into the desired superheated steam conditions. Because

of the inaccuracies in both the reactor power output and feedwater flow, the feed-

water flow schedule is trimmed by a signal that is a function of the difference be-

tween measured superheater outlet temperature and the reference value. If the
superheater outlet temperature exceeds the reference value, the error causes the

water flow to increase, thus reducing the superheat temperature. The opposite hap-

pens if superheater outlet temperature is lower than the reference.

Separate valving and a flowmeter will be used for initially filling the boiler for

startup. A constant-speed, electric, motor-driven feedwater pump will be used for

startup and standby.
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4. Propulsion turbine control

Both the ahead and astern speeds of the propulsion turbine will be controlled by use
of the conventional manual valves.

5. Steam bypass system

It was assumed that two different types of steam bypass systems will be provided to
assure safety and continuity of operation. A spillover system will bypass excess
steam to the main condenser through a pressure regulating valve and desuperheater.
The system acts to maintain constant steam supply pressure during turbine trip-out,
transition between ahead and astern operation, or any other transients involving ex-
cess steam generation. The other bypass will provide steam for the main blower
turbine, the auxiliary turbine, and the boiler -feedwater -pump turbine drive during
startup, astern operation, and propulsion turbine trip-out. This steam supply will
be passed through a pressure regulating valve and desuperheater which will provide
the desired steam conditions to the turbines. Under normal power operation these
turbines obtain their steam by a bleed from the main propulsion turbine.

6. Analysis

The analog computer simulation of the system utilized separate input devices for
each loop demand and thus did not provide for simultaneous programmed inputs as
will be provided in the actual system. The simulation served to indicate system
stability and response but did not give an accurate picture of the actual operation
that will be experienced with integrated loop demands. The simulation to be used in
the next phase of the program will include this integrated demand.

The analog traces in Figure 2. 12 show the results of a step increase and a step de-
crease in steam temperature demand. The reduction in feedwater flow resulting
from the positive error in steam temperature also caused a decrease in the steam
generation rate which in turn caused a decrease in steam pressure. The reactor
power then increased in an attempt to maintain constant steam pressure. An error
persisted after the transients and is attributed to the fact that the value of only one
of the demands was changed. In addition, a small error would be expected as this
system did not utilize integration and would require individual manual trim. While
this type of operation is practical, integrators are planned for the final system
which will be completely automatic.

In the case of the negative temperature demand, the opposite sequence of events
occurred.

The analog trace shown in Figure 2. 13 shows the results of both an increase and a
decrease in steam flow demand. A rapid increase in steam flow caused a reduction
in steam pressure with a resultant increase in reactor power. The transient also
caused a change in steam temperature which did not come back to the original value.

The explanation for this is the same as for Figure 2.12.

2.3 DESIGN BASIS

The 630A power plant will be designed to meet the requirements of the following appli-
cable codes or regulating bodies:

1. U. S. Coast Guard.
2. American Bureau of Shipping.
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3. United States Public Health Service.
4. American Institute of Electrical Engineers No. 45.
5. 1948 Convention for Safety of Life at Sea.
6. AEC Advisory Committee in Reactor Safeguards.

In addition, all components falling within the scope of the ASME Boiler and Pressure
Vessel Code will be designed, fabricated, and tested in accordance with the applicable
sections and cases of this Code.

The selection of the 80Ni - 20Cr heat-resisting alloy as the fuel element material for
both matrix and cladding was based on the experience gained from the application of this
material for concentric ring fuel elements used in the HTRE-1, HTRE-2, HTRE-3, and
XMA-1A reactors and components.* Fuel elements of the concentric ring design, fabri-
cated of this material, have undergone approximately 20, 000 hours of in-pile tests which
have indicated the suitability of the material for this application. The life of 15, 000 hours
has not yet been demonstrated but extrapolations and judgment indicate it is obtainable.

Lead was selected as the gamma shield material instead of steel because its greater
mass-attenuation coefficient for capture gammas, slightly better mass-attenuation coef-
ficient for core-produced gammas, and decreased secondary gamma production result in
the minimum weight shield for the required dose levels.

The pressure vessels are being designed to the ASME Boiler and Pressure Vessel Code
and the selection of material for these components is limited to materials approved by the
Code. The final selection depends on such factors as radiation damage, nil ductility
transition temperature, cost, weight, and corrosion resistance. Type 304 stainless steel
was selected as the material for the shield plug and reactor structure primarily for its
resistance to radiation damage and corrosion. Additional investigations for possible
chloride attack are necessary. A low alloy steel (SA-302B) clad with Type 304 stainless
steel is being considered for the main pressure vessel, but radiation damage and prob-
lems such as the nil ductility transition temperature must be evaluated before a final
selection is made. The remainder of the structure will be fabricated from mild steel to
minimize the cost.

Beryllium-stainless steel was selected as the material for the reflector-thermal shield
to achieve compatibility with the expected nuclear properties of the core.

The 630A power plant is designed to have an operating life of 20 years at a normal
rated power of about 70 megawatts. Fuel cartridge and shim control rod replacement
will be made every 15, 000 hours. Blower overhaul will be performed during the core
replacement cycle. Actuator overhaul and replacement of core-mounted instrumentation
would be accomplished as part of the preparation of the replacement core.

Thermodynamic performance, operations, and equipment sizing were based on the re-
quirements for a 27, 300-normal-SHP vessel. Specific primary-loop air pressures and
temperatures as well as secondary-loop steam conditions have been selected somewhat
arbitrarily on the basis of expected desirable operating conditions. Actually, the design
concepts utilized and the equipment and operations described for the air-steam cycle in
the following sections are applicable over a wide range of single power-plant sizes from
about 8, 000 to 100, 000 SHP. Use of other working fluids such as helium would yield power
levels about twice those of comparable air cycle systems. The reactor could be identical
for the two coolants although a compromise in the boiler design would be required. Pro-
perly designed, the unit could be operated with air or helium.

*See Appendix B for additional details on these reactors.
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The proposed design concept of the 630A is applicable over the complete range of main-
propulsion-unit steam conditions currently used in maritime vessels, and is also suitable
for operating pressures and temperatures higher than those in common usage today.

2.4 HANDLING AND MAINTENANCE

The 630A is designed to minimize the time required for maintenance aboard ship by
adopting a replacement rather than a service philosophy. Where this is not practicable,
the design provides for easy access to any components requiring service. The reactor,
shield plug, and control rod actuators are designed for removal as a unit to be replaced

by a spare unit when a ship is returned to the servicing facility for its 15, 000-hour fuel

reloading. The 15, 000-hour servicing cycle would include replacing the fuel and control
rods and overhauling the fan in both the auxiliary and main blower drives. The refueled
reactor would then be installed in the next ship requiring refueling. The blower assemblies

are designed for manual removal from the steam generator assembly at sea. Sufficient
spares will be provided for items such as pumps and valves so that maintainance can be

accomplished at sea, and the radiation dose is sufficiently low to permit manual adjust-
ment and replacement of individual actuators at sea.

Refueling the 630A nuclear steam generator will require two or three days in sheltered

waters. An access area of approximately 20 by 20 feet is required above the assembly to
facilitate removal and replacement of the reactor and shield plug assembly. A lead-lined
cask consisting of a cylinder, movable bottom shield plates, and a lifting hoist will be
used for this operation. After unbolting the shield plug from the pressure shell and dis-

connecting the electrical and hydraulic connections, the cask assembly is lowered and
positioned over the shield plug. The bottom shield plates are in the open position so that
the hoist can be connected to the shield plug and the assembly can be lifted into the
shielded cask. The bottom shield plates are then closed and the shield plug is bolted to
the cask upper flange. The total surface dose rate at the sides and bottom of the loaded
cask will not exceed 5 r/hr. The entire assembly, consisting of the shipping cask and
the shielded reactor and shield plug assembly, is then lifted from the ship for removal

to a servicing facility. The total assembly weighs under 100 tons, and the removal from
the ship can be accomplished with a floating crane. A spare shield plug and reactor
assembly including control actuators is then lowered into position using the reverse
procedure. The arrangement for this operation is shown in Figure 2.14.

2.5 INSTALLATION

2.5.1 SHIP INSTALLATION

The 630A nuclear steam generator is somewhat smaller than an equivalent oil-fired
boiler and weighs about the same. Installation studies have been made on such ships as

an Esso Baltimore class; a Mariner class, and a new 23-knot container ship. The studies

indicated that the 630A could be installed with very little ship modification even in these
relatively small existing ships. Typical installations are shown in Figures 2. 15 through
2.18. The stack area in existing ships is generally sufficient to permit lowering the

entire assembly (less blowers) into the engine room. The weight of the entire assembly
less blowers, shield water, reactor, and shield plug is under 170 tons and can be handled

in most shipyards. The reactor-shield plug assembly weighs approximately 40 tons and
would be one of the last components to be installed.

Installation of the shield assembly as a unit offers advantages in fabricating costs,
production schedules, and quality of fabrication. The unit can be fabricated and assembled
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in an area designed for the work while the ship construction proceeds in parallel. Re-
quired acceptance checks and inspections will be performed prior to installation and only
final assembly checks will be required on board.

Similarly, the reactor-shield plug assembly can be fabricated and made critical prior
to ship installation, thus completing much of the initial reactor checkout. These features
minimize the production schedule for the ship and the nuclear steam generator.

2.5.2 COLLISION BARRIER AND SHIP STRUCTURE

The following comments and data on the collision barrier and ship structure were sup-
plied by George G. Sharp, Inc. The 630A is compared to a pressurized water reactor
(PWR) in this study which points out some of the advantages of the small size and unit
construction. The weight and cost advantage of the 630A is 910 tons and $539, 000, res-
pectively, over that of the PWR power plant.

"The additional structural steel required for a nuclear ship with the 630A reactor
over a conventional ship with fossil fired steam boilers is less than any reactor
previously considered for nuclear power. The reasons for this advantage are the
low weight of the nuclear steam generating package as well as its small size.
Thus in the General Electric study the 630A package was located in the same
location as the conventional boiler of the Esso tanker while in the N-47-30 tanker
of the N-6019 study, the reactor had to be located among the cargo tanks. This
location permitted the use of cargo shielding thus eliminating the need for second -
ary shielding which is the heaviest component of a PWR steam generating plant.
However, this location required a double bottom, fire and explosion cofferdam,
shielding cofferdam, and horizontal decks for the collision barrier. In the 630A
study the double bottoms are already installed, and there is no need for any cof-
ferdams. The collision barrier merely consists of adding double plates to exist-
ing decks. In addition, the small size of the reactor requires a much shorter
collision barrier.

"Nuclear Plant Steel

N-47-30 630A

Cofferdams in way of reactor 127 -
Shield tanks 177 -
Decay heat removal tank 18 -
House over reactor space 58 -
Nuclear foundation 50 28
Additional transverse webs 90 -

Innerbottom and floors 110 -

580 28
Collision barrier 460 102

Nuclear steel total (tons) 1040 130
Cost of Nuclear steel at $590/ton $615, 000 $76, 000"
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2.5.3 SHIP SERVICE POWER REQUIREMENTS

Emergency and regular power are to be available for shipboard use in amounts depend-
ing on the type of ship. For an oil tanker application the ship auxiliaries require 273 kilo-
watts and the propulsion equipment and nuclear steam generator require 267 kilowatts at
normal load. The emergency power requirement is 538 kilowatts. In addition, a provi-
sion of 35 million Btu/hr for Butterworthing is assumed at normal power.

The purity of the makeup water for the steam cycle, obtained from the normal ship
distillation system, has a purity of approximately four parts per million of total dissolved
solids. Because of the once-through boiler, the makeup water will be passed through the
full-flow demineralizers of the steam cycle to reduce the dissolved solid content to 0.25
part per million before being introduced into the steam system. The required makeup
quantity is approximately 0.5 percent of the steam flow rate. Makeup water from the
moderator will also be obtained in the same manner.



3. SHIP ECONOMICS

The operating cost of a ship powered by the 630A nuclear steam generator would be
somewhat higher than that of an oil-fired ship of equivalent power but lower than that of
other nuclear systems. A study by George G. Sharp, Inc., showed the cost of cargo de-
livery from New York to Puerto Rico in a 23-knot container ship would be $4. 54, $4. 79,
and $5. 17 per long ton for ships using conventional fuel, the 630A, and a pressurized
water reactor, respectively. Longer trade routes would decrease the cost differential
between 630A-powered and conventional ships. For example, the annual cost of early
versions of the 630A are conservatively estimated to be within 2. 5 percent of conven-
tional operation on New York to Western Europe trade routes.

While these comparisons are somewhat indicative, there are also other factors favor-
ing the use of gas-cooled nuclear steam generators. Nuclear power is in its infancy, rela-
tive to the development of oil-fired boilers. Past experience indicates that, nearly com-
petitive at this early stage of its development, nuclear power should very shortly over-
come any cost difference. This will result from numerous and continuous improvements
in design and fabrication that cannot be recognized in the early stages of development.
Present comparisons are based on rules established over the years for the operation of
conventional systems for conventional ship designs. Only a fraction of this effort has been
applied to the use of nuclear power. While additional studies are necessary, history has
shown that a new innovation is rarely worth more than its predecessor in its initial stages.
This was definitely the case with steam for ship propulsion and gas turbines for aircraft
propulsion. It is the clearly evident growth potential and/or wider range of application of
such systems that justify the effort and cost required to develop and improve them. Basing
the decision to use nuclear power in ships on economics alone would be questionable in
view of the fact that United States shipping is not economically competitive at the present
and requires a government subsidy for its existence. There is, however, a very valid and
stated reason for the subsidy, i. e., to maintain a naval auxiliary fleet that is capable of
logistics support in a national emergency. In view of this, it would appear that an initial
operating cost differential of 4 or 5 percent would be insignificant compared to the advan-
tages provided by nuclear power such as freedom of routes, high speed with a good cargo
capacity, and the elimination of escort requirements. Thus, the selection of propulsion
equipment for maritime use considers many characteristics in addition to operating cost.

3.1 CAPITAL COST

Amortization of the capital cost is the largest single item in the annual operating cost.
The increment added to the annual cost for the amortization of the capital cost of the nu-
clear power plant is the only reason that nuclear operations are more expensive than con-
ventional. If the nuclear fuel cost were low enough, this differential could be overcome.
This would require a savings of $240, 000 annually in the 630A fuel costs, up to $450, 000
fuel cost savings for some water reactors. While this is not impossible, it does present a
formidable obstacle to the use of nuclear power, if economics were the only consideration.

57
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Another capital cost consideration would arise in the event it became necessary to con-
vert a large number of existing ships to nuclear power as a naval auxiliary to serve in a
limited war. In this event, not only must the capital cost of the nuclear steam generator
be reasonable but the cost of conversion must also be economical. The time required for
conversion would be a further significant consideration.

The estimated installed capital cost of the 630A nuclear steam generator is $2, 892, 000
or about $96 per shaft horsepower. This is lower than published proposals of other marine
nuclear steam systems by 1 to 2 million dollars. While a detailed evaluation of this cost

difference was not included in- the scope of this study, the reasons appear to be the simplic-
ity, weight of materials, size of components, and the installation of the 630A as an assem-

bled unit. The last item probably accounts for the major part of the difference because the
630A installation cost is estimated to be $725, 000 while installation estimates for the water
systems range from 1.5 to 2 million dollars. This lower cost of installation is attributed to
the complete fabrication, assembly, and checkout prior to installation and is not reflected
in the basic fabrication cost because of the difference in fabrication costs in a shop versus
shipboard fabrication costs, and the simplicity, smaller components, and weight of mate-
rials used in the 630A.

Another major cost difference is in the collision protection which was estimated to be
$76, 000 for the 630A compared to $615, 000 for a pressurized water reactor of equivalent

output. A breakdown of the capital cost estimate for the 630A is shown in Table 3. 1.

TABLE 3.1

630A PRODUCTION COST ESTIMATEa

Primary coolant system 280
Waste handling 10
Auxiliary coolant system 31

Controls 323
Boiler 459
Pressure vessel 130

Shield 162
Shield plug 342
Control rods 68
Demineralizer 38
Containment 145
Collision and foundation 79
Ship installation 365

Design and checkout 360
Spares 100

2892b

Ship handling equipment 2 4 4 c

aAll costs shown are in thousands of

dollars.
bCost includes fee and contingency and

is based on minimum production of 3

units per year.

cDoes not include hot shop facility or
fuel loading machine. Two sets of

ship handling equipment can service
about 8 ships with proper scheduling.
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3.2 ANNUAL FUEL COST

The annual fuel cost of the 630A is somewhat higher than that now estimated for low-
enrichment water reactors. This difference has been estimated to be as much as 16 per-
cent, or approximately $100, 000, annually. The reason for this is the plutonium credit
and lower use and depletion cost for these low-enrichment reactors. The lower capital
cost advantage of the 630A is not offset by the lower annual fuel cost of the water sys-
tems; to do this, a fuel cost difference of 24 to 32 percent is necessary.

The cost of fabricating the fuel elements of the 630A is not as well established as that
for most water reactors. While much experience was gained in fabricating fuel elements
of this type during the aircraft nuclear propulsion program, the production practice was
all hand labor in a facility that was designed for development rather than production. In
addition, because of the specialized, small-order sizes, tooling could not be properly
amortized. Basing a cost on the above would yield a production fuel cost estimate of about
$400, 000, while an estimated production cost of $220, 000 was used for the estimate of
the annual fuel costs. This estimate is based on a lower labor cost, the use of production
tools, a lower scrap rate with increased production of the identical units, and less varia-
tions in the fuel design.

In addition to the fact that this reduction appears to be reasonable from an evaluation
of the materials costs and processes involved, it is well within the experience of other
similar operations.

3.3 OTHER COST CONSIDERATIONS

3.3.1 SIZE

The size of nuclear propulsion equipment in maritime vessels is significant to its total
deadweight, the cost of construction, and the cargo capacity and handling efficiency of the
ship. This is particularly true because the type of merchant vessels best suited to nuclear
propulsion are the moderate-to-high-speed craft that require high power output (and usually
voluminous) nuclear power plants, as well as efficient cargo handling to take maximum
advantage of their speed. A compact, high-performance power plant, capable of being lo-
cated in an area not suitable for cargo, will tend to optimize the cargo-handling efficiency
of these vessels. The effect on ship construction is indicated by the requirement that radio-
active systems must be inboard of the sides of a ship by 20 percent of the beam.

The size of the power plant also has a direct bearing on the cost of collision protection.
A recent study by George G. Sharp, Inc., showed that the cost of collision protection for
the 630A would be $76, 000 compared to a cost of $615, 000 for an equivalent power output
pressurized water reactor. (See Appendix C.)

Because the 630A can be installed in less space (18 feet in diameter by 34 feet high) than
an oil-fired boiler of equivalent power output, it is also possible to reduce the size of the
equipment room. This reduces the cost of the ship by as much as $10, 000 for each foot
removed.

The small size of the 630A also permits its location in areas not suited for cargo. Al-
though the significance of this feature requires further investigation, it is reasonable to
expect that a substantial saving in cargo handling time and cost could be realized.

3.3.2 UNIT CONSTRUCTION

The 18-foot diameter of the 630A permits installation of the completed and checked as-
sembly as a unit. This feature offers advantages in cost of fabrication and installation,
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production schedules for the nuclear steam generator and ship, and quality of fabrication.
The 630A assemblies can be fabricated in shops specifically fitted for the work and the
ship construction can proceed concurrently with the power-plant construction. Required
acceptance checks and inspections can be performed prior to installation and only a
final checkout aboard ship is necessary.

Being a "plug-in" assembly, the reactor can be test-operated prior to its insertion in
the pressure vessel. This makes it possible to perform, before installation, many of the
initial checks including a critical experiment, thereby saving the time and expense of
tying up the ship during these operations.

3.3.3 WEIGHT

The weight of the 630A in the 30, 000-SHP version is 340 tons with individual contain-
ment and 374 tons with complete unit containment. Although an even lighter assembly
could be designed using the 630A reactor, these weights are low enough (approximately
1. 7 percent of the total weight of current ship designs) that further weight reductions
would not have a great effect. Compared to an oil-fired boiler, the 630A permits a re-
duction in the total ship weight for a Western Europe trade route of more than 2, 700 tons
or 13 percent of the total weight of the ship. Thus, for the same design and speed, 13
percent more power is required by an oil-fired power plant than by the 630A.

The weight of the 630A is only a small fraction of the weight of other proposed nuclear
systems. The required collision protection alone weighs about 900 tons less than for some
pressurized water assemblies. Because this relatively light weight does not appear (from
the scoping study) to present a trim problem, a much wider freedom of location of the
power plant within the ship is possible, thus providing the possibility of an improved de-
sign for cargo handling. This freedom is further enhanced, as discussed earlier, by the
smaller size of the system.

3.3.4 AUTOMATIC CONTROL

The control of the 630A nuclear steam generator is fully automatic and uses a single
power lever similar to that used in previous reactors developed and tested during the
ANP program. With this much automation completed, it is relatively simple to integrate
the control and bypass valves of the main propulsion turbine with the nuclear steam
generator, thus obtaining complete automatization of the propulsion equipment. This
would significantly reduce the crew size and operating cost of the 630A-powered ship.

3.3.5 REFUELING

The modular design of the 630A reactor - shield plug - controls assembly has been
described elsewhere in this report. For refueling, the flange connecting the front plug to
the pressure shell is unbolted and the assembly is raised into a shipping cask for trans-
port to a hot shop. The removal of the old and installation of a refueled assembly will re-
quire only 2 or 3 days. Only one spare assembly need be provided for a number of oper-
ating ships because the depleted unit can be refueled, checked, and ready for insertion
in the next ship in 5 or 6 days. Refueling will be required after 15, 000 hours of operation
or, for most ships, every 2 to 2.5 years. By thus minimizing the in-port time of the
ships, the operating costs are further reduced.

3.4 23-KNOT CONTAINER SHIP - NEW YORK TO PUERTO RICO
ROUTE

The characteristics of the 630A power plant were substituted for a BWR power plant in
a previous study of a 23-knot container ship performed by George G. Sharp, Inc. (See
Appendix C). The study compared the performance of a 23-knot container ship powered
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by a chemical plant and by a direct-cycle BWR. The New York to Puerto Rice route was
chosen and loads of 85 percent of cargo capacity were assumed both ways.

In the original study, the operating cost of the nuclear ship was 14 percent higher than
the conventional. Substituting the 630A reactor in place of the BWR resulted in an oper-
ating cost only 5.7 higher than the chemical ship even though the annual fuel cost of the
630A is higher than that of the BWR. The cost improvement would be greater for a longer
run; however, the only data available was for the Puerto Rican route and time did not
permit the generation of new data or optimization of the nuclear ship. The summary is
shown in Table 3. 2 and the annual fuel cost summary and basis of calculation are shown
in Tables 3.3 and 3. 4, respectively.

3.5 U. S. COASTWISE COST SUMMARY

A cost comparison of the 630A and an oil-fired boiler powering a tanker over a 1930-
mile coastal route is shown in Table 3.5. The oil costs were assumed to be $2.70 per
barrel and the insurance, depreciation, and interest are assumed to total 10 percent and
9.5 percent for the nuclear and conventional ships, respectively.

This table shows that, in a tanker on a rather short route, the 630A-delivery cost would
be 6.7 percent higher than the oil-fired. A reduction in nuclear fuel cost of 40 percent or
an increase of 36 percent in bunker "C" oil costs would equalize these fuel costs. These
are both possible in the very near future, because oil prices have steadily increased and
nuclear fuel costs should decrease with development. In the immediate future, however,
it is more likely that a combination of the above and the small fuel volume required, auto-
mation, higher speed capability, longer routes, etc., will all contribute to offsetting the
current cost differential.

3.6 630A PERFORMANCE IMPROVEMENTS

Performance improvements that will reduce costs will probably be achieved with addi-
tional design effort and experience. To describe a realistic integrated assembly by this
short study, a number of assumptions were made at the outset. When an assumption was
necessary the general rule was to provide as much reasonable tolerance as possible to
avoid difficulties that could arise with the integration of the parts. While this approach
was successful in that regard, it by no means yielded an assembly of maximum possible
performance. Three examples of this are cycle optimization, fuel inventory, and fuel
life. The present cycle efficiency of 30. 2 percent can be improved by increased air pres-
sure or use of a steam reheat cycle. Improvements up to an efficiency of 32 percent are
believed to be practical; this would reduce the fuel cost by about 5 percent.

Another possible means of reducing fuel costs is to increase the 15, 000-hour life of
the fuel. A 10-percent increase in fuel life would reduce the annual fuel cost by about
7.5 percent. This possibility will be evaluated in in-pile tests concurrent with the de-
sign. and is believed to be quite feasible without changes in the fabrication process.
These effects are listed in Table 3.6 for a range of thermal efficiencies and fuel life.
Thermal efficiency of 30. 2 percent and fuel life of 15, 000 hours were the bases for this
table.

Another quite promising means of reducing the 630A fuel cost is by reducing the fuel in-
ventory. The present fuel inventory was conservatively established on the basis of esti-
mates for core poisons, reflector arrangement, and calculated reactivity requirements.
A reduction is probable once critical experiment data is obtained. In addition, the effect
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TABLE 3.2

23-KNOT CONTAINER SHIP CHARACTERISTICS, WEIGHT,
AND CONSTRUCTION COST COMPARISON

CHARACTERISTICS

LBP, ft
Beam, ft
Depth, ft
Maximum draft, ft
Block coefficient at maximum draft
Displacement at maximum draft, tons
Light ship weight, tons
Deadweight at maximum draft, tons
Cargo deadweight at maximum draft, tons
Number of 200-foot containers (1, 070 cu ft/cont)
Type of propulsion
Steam supply
Shaft- horsepower (normal)
Speed (at normal SHP and average draft)
Crew

LIGHT SHIP WEIGHT, long tons

Steel
Hull
Nuclear

Outfit
Hull and crew
Cargo handling (6 cranes)
Containers

Machinery
Propulsion
Nuclear
Take-home
Secondary shielding (steel slab)

Total

CONSTRUCTION COSTS, thousands of $

Steel
Hull
Nuclear

Outfit
Hull and crew
Cargo handling

Machinery
Propulsion
Nuclear
Take-home
Secondary shielding (steel slab)

Cost of construction funds

Total (excluding containers)a

Conventional 630A

550 550
82 82
49 49
32 32

0.53 0.52
21, 900 21,220
10,600 10,720
11, 300 10, 500
10,000 10, 000

700 700
Single-screw, geared steam turbine
Oil-fired boilers 1 reactor

28,000 27,500
23 23
52 50

5, 700

1, 600
600

1, 450

1, 250

10, 600

3, 770

4, 800
1, 920

5, 300

1, 180

16,970

5, 700
130

1, 625
600

1, 450

880
315

50

10,720

3, 700
76

4, 800
1, 920

4, 800
2, 816

250

1, 375

19,737
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TABLE 3.2 (Cont'd)

23-KNOT CONTAINER SHIP CHARACTERISTICS, WEIGHT,
AND CONSTRUCTION COST COMPARISON

ECONOMIC COMPARISONb Conventional 630A

Schedule
Average speed, kn 23 23
Days at sea 5.07 5.07
Days in port 1.93 1.93
Days per round trip 7 7
Round trips per year (350 days) 50 50

Annual Cargo Capacity, long tons
Total deadweight 11, 300 10, 500
Fuel oil (round trip) 1, 000 200
Crew, stores, and fresh water 300 300
Cargo deadweight 10, 000 10, 000
Cargo carried per round trip 17, 000 17, 000
Cargo carried per year 850,000 850,000

Annual Operating Costs, thousands of $
Crew's wages and subsistence 535 515
Stores and supplies

Conventional 38 38
Nuclear - 11

Maintenance and repair
Conventional 83 54
Nuclear - 35

Refueling charge - 17
Control rod tips replacement - 10
Containers 805 805
Port fees, overhead, and miscellaneous 100 100
Interest, depreciation, and insurance 1, 605 1, 875
Fuel costs 693 625

Total 3,859 4, 085

Ratio to conventional 1.00 1.057

Cargo Transportation Cost Per Long Ton $4.54 $4.79

aContainer costs included in operating costs.
bRound-trip distance - 2, 800 miles.
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TABLE 3.3

ANNUAL NUCLEAR FUEL COST

Thermal efficiency, %
Shaft horsepower
Fuel life, hr
Time between refueling, yr
Megawatt hours per year

3 0 . 2 a
27, 500
15, 000
2.47
4.2 x105

53, 500 + 36, 300 +105,800
2.47

813, 000
2.47

Reprocessing 64, 700 + 64, 700 + 24, 000 + 4, 600 + 2, 100
2.47

Fabrication 220, 000
2.47

Cost, $

142, 200

329, 000

64,900

89, 000

625,100

Percent Of
Ship Annual

Operating Cost

3.48

8.05

1.59

2.18

15.30

aCorrected steam cycle and 1200 0F exit-air temperature.

Fuel use

Depletion
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TABLE 3.4

FUEL COST CALCULATIONS

Inventory, kg
U23 5

U

Burnup, kg
Fission
Total

Discharge, kg
U
U 23 5

Enrichment, %

Cost, $/kg
Original U
Discharge U

U 23 5 Burnup cost,

193.5
208

45.2
58.7

162.8
134.8

83

12, 720
11, 290

$/kg

1. Burnup cost, $

2. Reprocessing cost, $

3. Turn around, $

4. Loss in processing, $

5. Reconversion, $

6.

7.

Shipping cost, $

Fabrication, storage,

a. 10% Spares
b. 20% Scrap
c. 100% Fabrication
d. 100% Storage

(12, 720)208 - (11, 290)162.8 = 13 850
(208)0. 93 - (162. 8)0. 83 '

13, 850 x 58.7 = 813, 000

162.8 x 17, 100 = 64, 700

162.8 x 17, 100
44 = 64, 700

(134. 8)(12, 720)0. 013
0. 9,3

(134. 8) 32
0.93

162.8 x 13

24, 000

4, 600

2,100

spares, and scrap

Use 5 months
Use 3 months
Use 3 months
Use 1 month

208Kg-yrs 20.10x 5/12) +(0. 20 x 3/12) + 3/12 + 1/12

Cost, $ 88.5 x 12.72 x 0.0475

8. Ship use
208 + 162.8

Average U inventory 2

Average U cost, $ /kg
12, 720 + 11, 290

2

Annual cost, $ 185.5 x 12, 000 x 0.0475

9. Cooling, shipment, storage, and processing

Time - 5 months

Cost, $ (162.8) x 5/12 x (11, 290) x 0.0475

10. Fabrication costs, $

= 88.5

= 53, 500

= 185.5

= 12, 000

= 105, 800

= 36, 300

= 220, 000
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TABLE 3.5

COMPARISON OF NUCLEAR AND CONVENTIONAL COSTS
ON A COASTWISE ROUTEa

Capital Cost, $

Steam supply
Main propulsion
Hull and outfit

Cost of construction funds
Total

Annual Operating Cost, $

Fixed charges
Port and canal fees
Insurance, depreciation, and interest
Fuel cost

Cargo capacity per year, tons

Delivery cost, $/ton

630A

2, 892
4, 161

10, 604
17,657

1,322
18,979

733
125

1, 898
712

3, 480

Conventional

672
4,161

10,604
15, 437

1, 160
16, 597

692
125

1, 576
801

3,194

1,456,000 1, 421, 000

2.39 2.24

aAssumptions:
1930-mile route
Cost of bunker "C" oil - $2. 70 per barrel
Insurance, depreciation, and interest: 630A - 10%, conventional - 9.5%.

TABLE 3.6

EFFECTS OF THERMAL EFFICIENCY AND FUEL LIFE ON ANNUAL COSTS

Fuel Cost - Reduction In
Thermal Fuel 23-Knot Reduction In Annual Ship

Efficiency, % Life, hr Ship, $ Annual Fuel Cost, % Operating Cost, %

30.2 15,000 625,000 - --

31.2 15,500 609,000 2.56 0.39

32.2 16,000 594,000 4.96 0.77

33.2 16,500 578,000 7.52 1.15
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TABLE 3.7

EFFECT OF FUEL INVENTORY ON ANNUAL COSTS

Reduction In
Fuel Inventory Annual Fuel Cost Reduction In Annual Ship

Reduction, % 23-Knot Ship, $ Annual Fuel Cost, % Operating Cost, %

0 625,000 - -

5 611,000 2.2 0.34

10 598,000 4.4 0.68

15 584,000 6.6 1.02

20 570,000 8.8 1.36

of using another core structural material, possibly aluminum, would reduce the required
fuel inventory. This will be evaluated in the initial design phase and checked in the critical
experiment. The possible savings are shown in Table 3.7, but before this can be realized
an evaluation leading to optimization of capital cost, operating features, safety, and fuel
costs must be made.

3.7 EFFECT OF TRIP DISTANCE

A cost comparison was made of a container ship, powered by the 630A and convention-
ally, on the New York to Puerto Rico 2800-mile round trip. A longer run would favor the
nuclear system since with its use the ship size, displacement, and shaft horsepower is
independent of distance. Extrapolation from the 2800-mile-route comparison for greater
distances is presented in Table 3.8. The cargo and speed were held constant. The cost of
the fuel oil was assumed to be $2.70 per barrel, and no increases were assumed in capi-
tal costs for the increased fuel capacity or increased power in the oil-fired ship.

The cost differential becomes quite small, only 2.5 percent, at the 7350-mile round
trip distance. This is approximately the round trip distance to West European ports which

should become a major route in the near future. A 10-percent increase in fuel oil cost or

a decrease of 15 percent in nuclear fuel costs would equalize the annual costs. It is quite
reasonable to expect a reduction of this amount in the nuclear fuel cost from performance

improvements, and it is even possible that the cost paid to the government for the use of

uranium could be reduced by 25 percent which is equivalent to the total fuel cost reduction
of 15 percent.

The foregoing assumptions visualized no governmental subsidies for ship operation. For
some routes subsidies currently amount to approximately 50 percent of the capital cost.
This would reduce the annual operating cost differential by $120, 000 which would also equal-
ize the cost of the two operations.

The economic comparisons shown in Table 3.8 assumed that the conventional powered

ship was not weight- or volume-limited and the power could be. increased to maintain the

speed of 23 knots. These optimistic assumptions are probably incorrect; at some point
the conventional ship is probably weight- and volume-limited. Assuming these limits to

be at the 2800-mile-route design point requires a reduction of 1600 tons in cargo for the

Western Europe route for the conventionally powered ship and a 200-ton reduction for the

630A-powered ship. A summary of the economic comparison of the two is presented in

Table 3. 9. For this case the cost per ton of cargo delivered is $11. 80 and $10. 60 for the
conventionally-powered and 630A-powered ships, respectively. In this case, therefore,
the 630A offers better than a 10-percent cost advantage.
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TABLE 3.8

EFFECT OF ROUND TRIP DISTANCE ON ANNUAL COSTS

Round Trip Distance, miles
2800 4200 5600 7350

Days at sea 5.07 7.6 10.14 13.32
Days in port 1.93 1.93 1.93 1.93
Trips per year 50 37 30 24
Ship speed, kn 23 23 23 23
Annual oil cost, thousands of $ 693 786 870 940
Annual nuclear fuel cost, thousands of $ 625 684 729 760
Ratio of annual operating cost - 630A

to conventional 1.057 1.045 1.038 1.025
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TABLE 3.9

ECONOMIC COMPARISON

SHIP: 23-knot container ship
ROUTE: New York to Germany
ROUND-TRIP DISTANCE: 7, 350 miles
LOADING: 85 percent cargo capacity both ways

I SCHEDULE Conventional 630A
Average speed, knots 23 23
Days at sea 13.32 13.32
Days in port 1.93 1.93
Round trips per year (365 days) 24 24

II ANNUAL CARGO CAPACITY, long tons
Total deadweight 11,300 10, 500
Fuel oil (round trip) 2, 600 400
Crew, stores, fresh water 300 300
Cargo deadweight 8, 400 9, 800
Cargo carried (round trip) 14, 300 16, 650
Cargo carried per year 342, 000 400, 000

III ANNUAL OPERATING COST, $ in thousands
Crew's wages and subsistence 535 515
Stores and supplies

Conventional 38 38
Nuclear 11

Maintenance and Repair
Conventional 83 54
Nuclear 45

Refueling charge 17
Container cost 805 805
Port fees, overhead, and miscellaneous 100 100
Interest, depreciation, and insurance 1, 605 1, 875
Control rod tips 13
Fuel costs 875 760

TOTAL ANNUAL OPERATING COSTS 4,041 4,233
Ratio to conventional 1.00 1.057

IV CARGO TRANSPORTATION
Cost per long ton, $ 11.80 10.60





4. VERSATILITY AND APPLICATIONS

4.1 INTRODUCTION

The 630A nuclear steam generator and its reactor can serve a sufficiently wide range
of applications that its use should be quite enduring. Ships designed for it promise to be
economically attractive; in addition, it can be installed in existing ships from 20, 000
SHP and up, and it can be coupled to existing steam equipment even though lower steam
conditions may be required. Installation studies of such ships as the Esso Baltimore
class, shown in Figure 4. 1, and the Mariner class, shown in Figure 4. 2, showed that
the assembly requires less space than the lower rated boilers it would replace. These
studies also showed that no major modifications would be required in the engine room,
hulls, or access openings. The stack uptake is sufficiently large to permit lowering the
assembled shield through it during installation. These studies also showed that the weight

concentration and ship trim would not be a problem. These capabilities and the low capi-
tal cost of the 630A make the conversion to a nuclear fleet entirely practical and desirable.

Another feasible application of the 630A is in the conversion of Essex-class carriers to

high-speed roll-on, roll-off ships for logistics purposes in the case of limited war. Five
30, 000-SHP units could be used, or larger units could be built. It is estimated that two
75, 000 SHP units could be supplied for about $5, 000, 000 each. Even larger units are pos-
sible if needed.

The 630A can also be reduced in size and used in small, high-speed, long-range over-
the-beach craft. The components as re-arranged for this application are shown in Figure
4. 3. The height of the assembly in this configuration is 24 feet; this is accomplished by
making the boiler concentric with the reactor.

Units as small as 8, 000 SHP can be built with a reasonable operating cost. Even more
compact, lower power units can be built that would probably meet the requirements of a
mobile compact reactor. An assembly weighing less than 85, 000 pounds and producing 2. 5
megawatts of electrical power is practical using the same arrangement and technology.
The assembly is divided into two packages of less than 40, 000 pounds each so that it can
be transported by air. This concept is shown in Figure 4. 4. It is quite certain that with
additional study these weights could be even further reduced.

The application of this technology as an unshielded, very small 1-megawatt electric
unit for space application is also feasible. A nuclear steam generator of this type weigh-
ing only 5000 pounds could probably be produced.

Although the design for some of these applications would differ somewhat from the de-
sign of the 630A they are indicative of the value and versatility of this type of reactor as
a long-life power source.

While the present 630A nuclear steam generator is probably capable of satisfying the
requirements of many of the Navy's surface ships that cannot be met with the larger,
heavier, saturated-steam systems, additional power can be extracted from the 630A
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Fig. 4.1-Profile and plan view of the Esso Baltimore class showing the total-containment
630A installation (Dwg. 219R812)
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Over-all length: about 560 ft
Beam molded: 76 ft

Displacement mid: 18,610 tons

Fig. 4.2-Profile and plan view of the Mariner class showing the total-containment 630A installation (Dwg. 219R836)
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with very minor changes. This can be done by increased air pressure or substituting
other gases for the air. For example, increasing the air pressure from 400 to 800 psi
would permit an increase in power of approximately 50 percent, and substituting helium
for the air at 400 psi would almost double the power. Only minor changes would be re-
quired to achieve either of these systems and the size of the assembly would not be in-
creased. This flexibility is characteristic of a gas-cooled reactor, because the heat ex-
traction is predominantly controlled by the characteristics and quantity of the coolant
supplied. In these higher-output systems, of course, the life of the fuel would be reduced
in proportion to the power increase, but for certain applications such as small destroyers
this should be acceptable.

One problem normally involved in the use of special coolants is the inability to operate
if the coolant is lost. In the 630A this would not be as much of a problem because the
assembly can be recharged with air and operated at about 50 percent power.

In its present form the 630A reactor can be used in a closed gas turbine cycle when the
specific application makes this desirable. An arrangement of this type using most of the
components of the 630A assembly is shown in Figure 4.5. This shielded, close-coupled,
gas-cycle assembly is capable of 33, 900 SHP. Weighing 198 tons, the weight to power
ratio is about 12. 9 pounds per SHP. Refinements in the shield design could reduce this to
10 pounds per SHP or less, thus making it compatible with future craft such as ground-
effects machines and hydrofoils. Scaled down assemblies could possibly be used in very
small, high-speed, long-range surface craft or small submarines.

Most of the analyses of the 630A nuclear steam generator were performed for a reac-
tor exit air temperature of 14000 F, the temperature achieved in the HTRE-1 reactor.
The scoping study revealed, however, that a 1200 0 F exit air temperature and increased
air pressure could be used with very little difference in thermal efficiency and provides
the promise of increased reliability of the components and life of the fuel. The design
presented in this report is compatible with either of these temperatures. The lower tem-
perature would probably be used in the 630A nuclear steam generator. The higher reac-
tor temperature would be used if the 630A were to be applied as the energy source in a
Brayton cycle, or if higher quality steam is desired.

If required in a particular application, the fuel temperature, and hence the exit-gas
temperature, can be increased still further if shorter fuel life is acceptable, or by using
materials such as molybdenum for the fuel sheet with an inert gas coolant.

4.2 PERFORMANCE OF THE 630A USING HELIUM

A comparison was made of the 630A using helium instead of air as the primary cool-
ant. This substitution would make possible an increase in shaft horsepower of about 90
percent without increasing the size or weight of the power plant. If the assembly were
originally designed for the helium cycle, air could be used in an emergency, furnishing
about 50 percent of normal power, if the helium were lost. This would be quite sufficient
to bring the vessel home.

If the helium cycle were chosen because of its higher power capabilities, the reactor
design, gas exit temperature, and gas inlet temperature would remain unchanged, but
the blower and boiler would be redesigned. The turbine drive for the blower would re-
quire 124 percent more power, and the fluid dynamic design of the blower would proba-
bly be modified. Since the rate of steam generation would be higher, the diameters of the
boiler tubes would be increased, but the heat transfer area could be decreased because
of the more favorable heat transfer coefficient of helium. This latter change may not be
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desirable, however, because by reducing the heat transfer area below its present value,
the power output with air would be less than 50 percent of that with helium. Therefore,
it would probably be best to oversize the boiler for the helium cycle so that the maximum
power with air could be obtained.

So that the steam cycle would be essentially the same for the purposes of this brief
study, the reactor exit-gas temperature and gas temperature rise were held constant.
This restriction reduces the maximum average temperature of the fuel elements by ap-
proximately 50 0F for the helium cycle and reduces the maximum hot-spot temperature
even more. This indicates that about 5 percent more power is possible using helium in
the present reactor design, but this was not included in the estimated power increase.

The thermal efficiency of the helium cycle would be about 29. 7 percent compared to
30. 2 percent with the air cycle. The lower efficiency is due to the additional power required
by the blower to circulate helium at the same dynamic head through the fuel elements.
Holding the dynamic head constant produces a reduction in weight flow, increased fric-
tion factor, increased pressure drop, and a blower pressure ratio of 1.11. This ratio is
still within the capability of a single-stage unit.

A summary of the assumptions, limitations, and developed ratios is presented in Table
4. 1. This "first cut" comparison indicates that helium shows considerable promise in
certain applications. For example, it would be very attractive for small-volume, very-
high-powered vessels. To fully realize the potential advantages, the new lightweight
steam equipment being developed should be considered. Once the application and com-
panion equipment are defined, a more detailed study should be performed.

The area that will require the most development is the shaft seal pressurization sys-
tem. Since the seal pressure is only slightly higher than the cycle pressure, only a small
leakage into the assembly would be experienced. However, the leakage from the seal pres-
sure chamber outside of the assembly is relatively large. While this leakage would not be
contaminated by fission products, it would pick up oil from the bearing and thus could not
be returned to the cooling cycle. Either a very large makeup gas supply would be required

TABLE 4.1

COMPARISON OF He AND AIR RATIOSa

Parameter Ratiob

Heat transfer coefficient (h)

Boiler h2 /hl = 3. 08
Reactor h2 /hl = 2. 48

Temperature difference (AT) ATf 2 /ATf1 = 0. 775

Weight flow of gas (W) W2 /W1 = 0.37

Reactor power (Q) Q2/Q1 = 1.92

Friction factor (f) f2/f 1 = 1.-23

Work of fan (WB) WB 2 /WB 1 = 2.38

Shaft horsepower (SHP) SHP2 /SHP1 = 1. 89

aAssumptions: the reactor, the gas temperature rise across
the reactor, the dynamic head through the fuel elements,
and the exit-gas temperature are the same in both systems.

bSubscript 1 = air, 2 = helium.
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or an effective oil separator must be developed. Both of these possible solutions present
substantial problems.

4.3 DIRECT GAS CYCLE POWER PLANT

The design of the reactor used in the 630A nuclear steam generator was originally de-
veloped for use with open-cycle turbomachinery. Over 1500 hours of testing have been
accumulated with this cycle. The various possible configurations studied for the mari-
time power-plant application assumed a closed cycle, with and without regeneration, and
duel cycles employing exhaust-gas boilers. The latter were discontinued with the develop-
ment of the total steam generator concept because the development cost of the turbo-
machinery would be substantial and present-day ships do not require the sophistication
or light weight of the direct gas cycle. The conclusion was reached, however, that a di-
rect gas cycle reactor could be developed that would have a weight-to-power ratio almost
a decade less than that of conventional steam systems.

A brief study was made of the same reactor and much of the same shielding designed
for the 630A that verified this conclusion. In this design a single compressor-turbine set
is coupled with a free-wheeling power turbine. The reactor is located between and above
the compressor and turbine, as shown in Figure 4. 5. A concentric ducting arrangement,
similar to one designed during the aircraft nuclear propulsion program, is used to duct
the compressor discharge air to the reactor and the reactor discharge air to the turbine.
The exhaust gas passes through tubes located around the engine, is cooled by water flow-
ing between the tubes, and is then discharged into the compressor inlet plenum. The shield
is lead and water as in the 630A except for the lower half which is shielded by the engine
and exhaust-gas heat exchanger. The reactor is vertical with the control drives at the top.
As in the 630A, the reactor - shield plug is handled as a unit for refueling.

The total output of this assembly is 33, 900 SHP and the weight is 198 tons, producing a
weight-to-power ratio of 12. 9:1. The assembly is 23 feet high, 18 feet long, and 14 feet
wide. The power, weight, and size of this assembly should be quite adequate for small,
high-speed, long-range, over-the-beach ships. In addition, this system very nearly
meets the general power-plant requirements for hydrofoils and ground-effects machines.
Designed for specific applications, it undoubtedly could meet these requirements.

In this first arrangement the reactor conditions are essentially the same as those of the
630A. An exit-air temperature of 1400 0F is used for this cycle (as previously discussed,

it was for this reason that the 630A reactor was designed for 14000F rather than 12000F).
The life of the fuel in this application would be approximately 8000 hours. This is less than
the 630A fuel life because of the higher power level which increases the rate of fuel burnup.
A summary of the significant specifications of the power plant is presented in Table 4. 2.

The 6:1 pressure ratio was selected because the horsepower per pound of airflow is a
maximum at this value, and because the higher temperature thus required does not im-
pose serious penalties on the reactor. These two variables are plotted against compres-
sor pressure ratio in Figure 4. 6. The curves shown in this figure indicate that lower
pressure ratios without regeneration are of little value because the power per unit air-
flow decreases and the reactor temperature rise increases. Because this is not true for
higher pressure ratios, the 8:1 pressure ratio was studied. The allowable increase in
exit-air temperature with lower reactor-air temperature rise was found to be sufficient
to overcome the reduced power-to-airflow ratio.

Although these studies were brief, they do indicate that a unit with a minimum weight-
to-power ratio can be obtained at a pressure ratio of about 6:1.
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TABLE 4.2

DIRECT CYCLE SPECIFICATIONS

Output, SH P

Reactor power, mw
Weight, tons
Working fluid
Airflow, lb/sec
Compressor pressure ratio
Compressor discharge pressure, psia
Compressor inlet temperature, OF
Compressor exit temperature, OF
Turbine inlet temperature, OF
Reactor pressure ratio
Total loop pressure ratio

Compressor efficiency, %
Turbine efficiency, %
Cycle

An

0

U

U
a.

33,900
125
198

Air
500
6:1
600
120
562
1400
0.965
0.90
85
90
Closed,
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Regenerative cycles were not assumed in this study because the resulting weight pen-
alty would render the power plant unsuitable for application in hydrofoil or ground-effects
craft. The regenerative cycle, however, would produce significant increases in thermal
efficiency and may be desirable in other applications.

From the standpoint of thermal efficiency, probably the most attractive cycle would be
a direct gas power extraction followed by a steam generator that obtains its heat from
the power turbine exhaust gas. Substantially higher thermal efficiencies might be obtained
with this arrangement. The cost of this type of system would be somewhat higher than for
the simple steam production unit coupled with steam propulsion equipment. Although it
was not determined during this study, it is possible that the lower operating costs would
offset the increased capital cost.

In summary, the capability of this type of reactor used with direct gas cycle equipment
is quite attractive for certain future applications. Very lightweight, compact power plants,
using the same reactor designed for the 630A, are entirely feasible. Variations in the
shield design can reduce the weight even more. Regeneration would improve the thermal
efficiency of the cycle and at the same time increase the weight of the assembly. Dual
cycles, gas and steam, promise higher thermal efficiencies than either the direct gas
or the 630A but would be more expensive to develop and produce. To optimize any of the
above possibilities, a specific mission is necessary so thatthe most pertinent character-
istics of the power plant are obtained.





5. 630A REACTOR DESIGN

5.1 REACTOR

5. 1. 1 GENERAL DESCRIPTION

The reactor of the 630A nuclear steam generator is air-cooled, water-moderated, and
uses metallic fuel elements. Its design power for this application is about 72 megawatts,
thermal. A beryllium and stainless steel reflector is used to reduce the radial neutron leak-
age and to serve as a thermal shield between the active core and the reactor vessel, thus
minimizing the thermal stresses in this component. The reactor is permanently attached
to the shield plug and controlled by poison rods actuated from the top of the shield plug. This
complete assembly is handled as a unit.

The reactor vessel (see Figure 5. 1) is a 2. 75-inch-thick 304 stainless steel cylindrical
tank closed at each end by 2. 75-inch-thick tube sheets. The vessel is 68. 8 inches in diame-
ter and 63. 5 inches high. Eighty-five equally spaced 4. 402-inch holes are drilled in each
tube sheet for the fuel tubes which pass through the tank and are rolled and welded to the
tube sheets. The wall thickness of the fuel tubes is 0. 060 inch. This array of tubes forms
the active core which is 48 inches in diameter. A water-filled moderator tube is centered
in each of the tubes and extends about 38 inches into the reactor vessel from the front tube
sheet. The tubes are supported from the shield plug which is located about 6 inches above
the reactor vessel. The outside tube diameter varies from 1. 529 to 1. 871 inches and are
concentric with the smaller moderator tubes, thus providing for water flow down and back.
A fuel cartridge is inserted into each of the fuel tubes and over each of the center moderator
tubes. The fueled length of the fuel cartridges (and thus the height of the active core) is
27. 5 inches.

Surrounding the 85 fuel tubes and inside the reactor vessel is a combination reflector-
thermal shield of beryllium and stainless steel. The beryllium is adjacent to the active core
and the stainless steel is between the beryllium and the reactor vessel. Because the height
of the beryllium is only slightly more than the height of the active core, the entire annular
assembly above and below the core is stainless steel. All voids inside the reactor vessel,
i. e., between the fuel tubes and between the beryllium, stainless steel, and reactor walls,
are filled with demineralized water which serves both as a moderator and the structural
coolant.

A typical arrangement of the center moderator tube and the fuel cartridge is shown in
Figure 5. 2. The diameter of the center moderator tubes is varied in three radial zones
(designated Types I, II, and III) in the core for gross radial power flattening. The respec-
tive outside diameters of the 0. 040-inch-thick tubes in the three zones are 1. 529, 1. 700,
and 1.871 inches. The corresponding outside diameters of the 0.020-inch-thick inner tubes
are 1.040, 1.140, and 1.240 inches, respectively. Safety rods are located within the inner
tubes with corresponding diameters of 0.8, 0.9, and 1.0 inches, respectively. The rods
consist of an inner matrix of 50 percent B4 C and 50 percent 304 stainless steel, and are
clad with 0.050 inch of 304 stainless steel. The 27. 5-inch active length of the rods permits
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full penetration of the active core. The active length of the rods will be fabricated as a
single piece and joined to a long tube which, in turn, will be joined to a spider so that as
many as three safety rods can be driven from a single actuator.

The beryllium and stainless steel reflector is contained within the reactor vessel and is
supported from the tube sheets. The beryllium is an irregularly shaped cylinder contoured
to conform to the outside row of air tubes in the hexagonal array. The average thickness
of the beryllium is 2 inches; the inside surface is spaced approximately 0. 3 inch from the
outside diameter of the air tubes. The remainder of the reflector consists of two 1. 3-inch-
thick stainless steel cylinders that are concentric with the beryllium cylinder. The beryl-
lium portion of the reflector extends 3 inches above and below the active core.

A 1-inch-thick cylinder of borated stainless steel between the outermost stainless steel
reflector cylinder and the cylindrical shell of the reactor vessel serves to reduce the sec-
ondary gamma production.

The reactor vessel is connected to the shield plug by six moderator water return tubes
and 72 control rod guide tubes that serve both as water inlet pipes and as housings for the
control rods and their extensions. The 0. 040-inch-thick control rod guide tubes have an
outside diameter of 0. 78 inch. Each guide tube houses a 0. 500-inch-thick shim rod; the
matrix of the shim rod is the same as the matrix of the safety rod and it also is clad with
0. 050 inch of 304 stainless steel. All shim rod poison sections are 27. 5 inches long.

The control rod guide tubes extend to the bottom of the reactor vessel and are welded
into the top tube sheet of the reactor vessel at the interstices of the air tubes. They are
located at the bottom by small spacer plugs welded to the top face of the bottom tube sheet.
The water flows into the core through the control rod guide tube and diverges into two
paths: (1) part of the water travels up along the air tubes and the inside of the beryllium
reflector, and (2) the remainder passes upward through the annular passages between the
beryllium reflector, stainless steel reflector, thermal shield, and pressure vessel wall.
A baffle 2. 00 inches above the top face of the bottom tube sheet distributes the waterflow.

Nine identical 3-inch-long fuel stages comprise the active length of each fuel cartridge.
In order to accommodate the three center moderator tubes, the fuel elements consist of
11, 12, or 13 fueled rings concentrically spaced to provide a nominal 0. 060-inch annulus
for airflow. The 11 outer fueled rings are similar in all fuel elements. The twelfth and
thirteenth rings are added at the center of the element as the outside diameter of the center
moderator tube is reduced. An inner and an outer unfueled structural. ring, each spaced

0. 045 inch from the adjacent fueled ring, serve as the structural base for the element. An
average fuel stage configuration is shown in Figure 5. 3.

The leading edges of the fueled rings are brazed into the slots of 24 equally spaced comb
ribs that position and support the rings. Six of the comb ribs are brazed into the inner and

outer structural rings, thus providing three beams across the face of the fueled rings to
carry the drag load imposed by the air flowing over the rings. The 0. 040-inch-thick inner
structural ring bridges the gap in the comb ribs, thus maintaining the continuity of the beam.
The 0. 020-inch-thick outer structural ring provides the reaction for the drag loads. A re-
inforcing pad is located at the point where the comb rib and the outer structural ring are
attached to distribute the load at these points.

The matrix of the fuel rings consists of 38. 7 weight percent uranium oxide (93.2% en-
richment) and 61.3 weight percent 80Ni - 20Cr alloy. The rings are clad with 0.004-inch-
thick niobium-stabilized 8ONi - 20Cr alloy sheet. The edges of the fuel sandwich are com-
pletely sealed by a picture frame of 80Ni - 20Cr alloy. The thickness of the fuel matrix
is varied to produce an equal heat flux from each ring; the average thickness, including
cladding, is 0.0255 inch. The fuel sheet is rolled to the required diameter, cut, and then
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Fig. 5.2 -Type II 630A fuel unit section second iteration-- Dwg. 10905501)

joined by a 0.01-inch-thick joint strap of 80Ni - 20Cr brazed to each end of the ring to
form a continuous cylinder. The rings are then assembled into a fuel stage as described
above.

Nine fuel stages are stacked and joined by girth-welding the junctions of the outer un-
fueled rings, thus forming the active section of the fuel cartridge (Figure 5. 4). A nose
section consisting of a latch and a six-ring unfueled stage is welded to the front end of the
fueled stage assembly. The latch carries the drag load caused by the air pressure drop
across the assembly and also positions the cartridge in the reactor. The six-ring unfueled
stage, with 0. 035-inch-thick 8ONi - 20Cr rings, serves as an end reflector, shielding, and
inlet screen. A tail section, consisting of two unfueled stages of 0. 035-inch-thick rings and
a tube extension which accommodates the remote handling equipment used to remove and
insert the fuel cartridge, is welded to the aft end of the fueled assembly. The tail section
also functions as a screen, shielding, and end reflector. The entire cartridge assembly is
surrounded by a 0. 060-inch-thick sheet of potassium titanate to reduce the heat flow to the
moderator water. A 0. 005-inch-thick foil wrapped around the insulation protects it during
insertion and removal. In addition, this borated steel foil serves as a burnable poison that
reduces the required control rod worth and the power swing with fuel burnup. A similar
insulation sandwich is provided between the inner unfueled ring and the center moderator
tube; in this assembly, however, separate metal backing is required on both sides of the
insulation because it is impractical to install the insulation directly on the unfueled ring.

5.1.2 DESIGN REQUIREMENTS

The reactor vessel is designed for a 440-psig external pressure and a 40-psig internal
pressure at 3000 F. It is designed to meet the requirements of the United States Coast Guard
and the American Bureau of Shipping, as well as the applicable nuclear cases of the ASME

86

2.

ADDING



3.101 INCLUDES 0.015-INCH WELD
3.097 SHRINKAGE ALLOWANCE

N

~III)

0.125 TYPICAL

0.030 TY CA

0.05-INCH MINIMUM OVERLAP
FOR BRAZE (TYPICAL)

STOCK)80Ni -20Cr ALLOY (0.020-INCH

80Ni - 20Cr ALLOY
(0.040-INCH STOCK)

4.044
4.040 10

0 POINT 80Ni - 20Cr ALLOY
0.240-0.260 INCH WIDE X 0.589-0.591 INCH LONG

(0.020-INCH STOCK)

l5* t 15, 80Ni-- 20Cr ALLOY

Typ 0.240-0.260 INCH WIDE X 0.846-0.848 INCH LONG
(0.020-INCH STOCK)

80Ni-20Cr ALLOY

0.180 -0.190 INCH WIDE X 2.91- 2.93 INCH LONG
(0.010-INCH STOCK)

80Ni - 20Cr ALLOY
0.250-0.260 INCH WIDE X 1.130- 1.140 INCH LONG
(0.020-INCH STOCK)

.85 DIAMETER

Fig. 5.3- Average 630A fuel stage configuration (848D602)

4.130OD
4.125



3.44 5.0 27.50

ACTIVE CORE-9 FUELED ELEMENTS

3.084--

TYPICAL 13 PLACES A 4.212 DIA

A-' 
1
.730 DIA

SECTION A-A

*4.625 DIA

4.042

DIA

DIMENSIONS IN INCHES

Fig. 5.4 - Second iteration of the 630A fuel cartridge assembly (Dwg. 219R803)

65.00



89

Boiler and Pressure Vessel Code, Section VIII, "Unfired Pressure Vessels." It is designed
to withstand corrosion, erosion, material fatigue, and changes due to irradiation during
its design life of 20 years. The problem of chloride will be investigated and preventative
measures taken.

The fuel cartridge is designed to withstand a dynamic head in excess of 1.4 psi while

producing air at temperatures of 12000 to 1400 0F for 15, 000 hours at a power of about 70
megawatts. For this operation, the maximum average fuel ring temperature will be 13300F
or 1575 0F, depending on the exit-air temperature selected. The average fuel-meat atom
burnup is about 2. 5 percent.

All reactor components are designed for a 1-G maximum loading in the vertical plane
and to function normally under all motion conditions of the ship as defined in TID-8528,
"Three Design Studies for Selecting a Prototype Reactor for a Nuclear Tanker. " In addition,
all reactor components are designed to stay in position and remain operable in any attitude
assumed by the ship as a result of collision or sinking.

5.1.3 MATERIALS

All metallic components of the reactor are fabricated from 304 stainless steel except the
following: a portion of the reflector, which is reactor-grade beryllium; the thermal shield,
which is 304 stainless steel plus 1 weight percent enriched boron; the control rod, which
is a mixture of 50 weight percent boron carbide and 50 weight percent 304 stainless steel;
and the fuel cartridge.

The structural components of the fuel cartridge are fabricated from 80Ni - 20Cr alloy.
The fueled rings are composite sheets consisting of an inner core composed of 38. 7 weight

percent uranium oxide (93. 2% enriched) and 61. 3 weight percent of a mixture of nickel and
chromium (80Ni - 20Cr). The core is clad with 0. 004 inch of niobium-stabilized 8ONi - 20Cr
alloy,

The insulation used on the fuel cartridge and the center moderator is Tippersul, and that
on the rear face of the rear tube sheet is Thermoflex.*

5.1.4 FABRICATION METHODS AND SOURCES

The reactor pressure vessel will be welded and fabricated and tested to the ASME Boiler
and Pressure Vessel Code, Section VIII, "Unfired Pressure Vessels," in accordance with
the requirements of the United States Coast Guard and the American Bureau of Shipping.
Where these codes do not adequately cover nuclear service, the applicable nuclear cases
of the ASME Boiler and Pressure Vessel Code will be used as a guide.

The final assembly of the reactor vessel will be performed by the Nuclear Materials and
Propulsion Operation of the General Electric Company and approximately 50 percent of the
components will be fabricated by GE-NMPO. Bids for the fabrication of such components
as the control rod guide tubes and the air tubes will be solicited from outside vendors. All
components of the fuel cartridges will be fabricated and assembled by GE-NMPO, using
techniques developed for the manufacture of similar cartridges during the aircraft nuclear
propulsion program. Similarly, the control rods will also be fabricated and assembled at

GE-NMPO.

5.1.5 FUEL LIFE

The configuration of the 630A fuel elements incorporates all the design refinements de-
veloped by GE -ANPD during the aircraft nuclear propulsion program. Metallic fuel ele-
ments of this design have received extensive development testing and have demonstrated

*Registered trademark of E. I. duPont de Nemours & Co., Wilmington, Delaware.
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adequate strength to withstand aerodynamic loads of 5 psi and temperatures exceeding

2000 F. A cartridge of this design, tested in the Engineering Test Reactor, produced an

average exit-air temperature of 16000F for over 200 hours at a dynamic head of 5 psi. The
maximum indicated fuel ring temperature was 1900 0F. There was no fission product release

during this operation, indicating that the clad integrity was maintained.

Two cartridges were operated in the HTRE-2 core for 997 hours at temperatures ranging
from 11500 to 1500 0F. The maximum fission burnup was approximately 0. 5 total atom per-

cent of the meat. At the conclusion of the HTRE-2 testing, metallographic examinations of

the fuel sheet showed that all samples were in excellent condition. This was also true of

core structures, cladding, edge seals, and brazed joints. A photomicrograph of a sample

of this cold finished sheet is shown in Figure 5. 5. This section is from ring No. 11 of

stage 17, one of the higher temperature areas. Regardless of their location in the fuel ele-
ment, there were no apparent differences in clad or core integrity of the samples.

Since the fabrication of the HTRE-1, hot finishing of the fuel sheet has been employed.
The fuel particle distribution obtained by the hot finishing process is shown in Figure 5. 6

and can be compared to the cold finished sheet shown in Figure 5. 5. This process is ex-
pected to increase the fuel life capability because of the improved particle distribution and
the increased ductility.

The HTRE-3 reactor operated for 126 hours at indicated temperatures up to 1950 0 F. Two

of the highest temperature fuel cartridges were removed for inspection after this run; no

deterioration was noted. One of these cartridges is shown in Figure 5. 7. Two new cartridges
were inserted and the reactor was operated for an additional 25 hours at indicated fuel tem-

peratures up to 2050 0F. The reactor was then shut down because of schedule conflicts;

close inspection revealed no evidence that the life limit of the fuel elements had been ap-
proached.

In one of the GE-ANPD tests in the Material Test Reactor, a fuel cartridge operated at
plate temperatures above 1850 0 F experienced an atom burnup of the fuel matrix of about
0.6 percent. This burnup is equivalent to approximately 4000 hours of 630A operation, but
at a considerably higher temperature. Inspection of this cartridge showed no damage from
the combined temperature and burnup.

Although the foregoing data demonstrate that the fuel sheet proposed for the 630A reactor

is satisfactory for high temperatures and high dynamic heads, it does not demonstrate its

capability for 15, 000-hour operation at lower temperatures and stress levels. It is fairly

well established, however, that the life of the fuel sheet is very much a function of these

two factors, in addition to other factors such as oxide resistance of the cladding, strength

of the matrix material, dispersion of fuel, fuel particle shape, and fabrication methods
used. Because the expected operating conditions for the 630A, shown below, are much less

severe than those of the ANP tests, damage to the fuel sheet by stress oxidation or creep

seems highly unlikely. The stress level in the sheet is estimated to be about 300 psi; creep
is not expected to be a problem at this stress and the 630A temperatures. Even the begin-

ning of oxidation has never been observed in the tests performed by GE-NMPO at 300 psi
stress and the maximum hot-spot temperature of 1475 0 F.

Exit-air temperature 1200 0F
Maximum average plate temperature 1330 0F

Maximum hot-spot temperature 1475 0F
Maximum dynamic head 1.4 psi

Three specimens of the niobium-stabilized 80Ni - 20Cr cladding stock have been tested

for long-term creep properties. These tests are still in progress, but the results to date
are presented in Table 5. 1. Specimens A and B are hot finished and specimen C is cold
finished.
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TABLE 5. 1

CREEP PROPERTIES OF NIOBIUM-STABILIZED 80Ni - 20Cr CLADDING STOCKa

Specimen Stress, psi Temperature, oF Time, hr Elongation Of 2-Inch Sample, %

A 300 1750 575 0. 1
A 300 1750 1000 0.19
A 300 1750 1580 0. 25
A 300 1750 2009 0.45
B 600 1600 275 0.4
B 600 1600 748 0.5
C 300 1750 309 0.25
C 300 1750 797 0.54

aIncomplete data - test still in progress.
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Fig. D.7 -- fHTE-3 fuel cartridge after 126 hours of operation (C 16281)

Although less is known about the effect of fuel burnup than about the strength and oxida-
tion resistance of the fuel sheet, other types of cermet fuel elements have demonstrated

satisfactory operation with total fuel meat burnups exceeding 3. 5 atom percent. While
these data are for fuel elements with less oxidation resistance and strength-at-tempera-
ture than 8ONi - 20Cr, they are somewhat indicative of what can be expected. In a series
of tests of stainless plate fuel elements reported by Battelle Memorial Institute,* no fail-
ures were experienced at temperatures below 13000 F and total burnup of 1. 47 atom per-
cent. No damage occurred to sheets experiencing 2. 6 and 2. 17 atom percent burnup at
temperatures of 6500F and 7660 F, respectively. Tests have been reported by General
Electric's Knolls Atomic Power Laboratory of atom burnup as high as 3. 5 percent with-
out damage to the element. (Details of these data have not yet been made available.)
While the validity of extrapolation of these data to 8ONi - 20Cr sheet is uncertain, existing
evidence indicates that the nichrome sheet has a higher permissible burnup at the high
temperatures than the stainless steel elements.

The results of the stainless steel tests enabled Battelle Memorial Institute to develop
a methodt of predicting permissible burnups. Applied to the 8ONi - 20Cr sheet, this
method indicates that, at 18500 F, the 40 weight percent fuel sheet should fail after a
total atom burnup of less than 0. 15 percent. However, successful tests at these condi-

*"Predicting lBurnup of Stainless Steel UO 2 Ce rmet fuels,'' Nucleonics, June 1961.
tBM1l 1408, "A Method of Correlating Irradiation lEffects in Dispersion Fuel Elements, January 20, 1960.
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tions have been performed with cold finished 80Ni - 20Cr with a total atom burnup of 0. 6
percent, indicating a capability of at least a factor of 4 in permissible burnup over the
stainless steel fuel elements. Although this may not be a valid conclusion, the conclusion
can be made that the cold finished nichrome fuel elements do not exhibit the same charac-
teristics as the reported stainless steel elements and probably have a higher permissible
burnup at the higher temperature levels. The burnup margin of the hot finished fuel sheet
should be even more pronounced. The stress to produce a 5-percent elongation in the hot
finished sheet is greater by more than a factor of 2 over the cold finished, and the trans-
verse tensile strength of stainless steel elements has been reported to vary by as much

as a factor of 25, depending on the fabrication method. *

Based on the foregoing, it is the conclusion of GE-NMPO that the proposed hot finished
80Ni - 20Cr fuel dispersion element will meet the requirement of 15, 000 hours of opera-
tion at the operating conditions of the 630A power plant. The probability of meeting this
life requirement is believed to be sufficiently high to warrant initiation of the 630A pro-
gram without time consuming and costly full-scale fuel element demonstrations. If an
unexpected problem should arise, results of sample tests planned and now in progress
should yield information on which corrective measures can be based.

5. 1. 6 AEROTHERMAL DESIGN

The 630A reactor is sized to produce the power required for 30, 000 SHP plus auxiliary
ship loads. The reactor preliminary design is based on a total power of 72 megawatts.
About 90 percent of this power, 65 megawatts, heats the air directly. The reamining 10
percent is transferred by thermal and/or nuclear heating to the moderator water, the
biological shield, and various parts of the nuclear steam-supply structure.

As previously discussed, 630A operations will require an exit-air temperature of
12000 F. Table 5. 2 presents a summary for the 1200 0 F operation; the discussion follow-
ing the table is based on the higher (14000 F) temperature but is easily applied to the 1200 0F
operation.

Air enters the active core at a dynamic head of 0. 6 psi and a Mach number of 0. 054.
As heat is added to the air during its passage through the fuel elements, the dynamic head
and Mach number increase to 1.2 psi and 0.08, respectively. The forced convection heat-
transfer coefficient on the average is 220 Btu/hr-ft2 _OR and is based on the expression

G0. 8 T0. 8

h = (1. 097)(44. 0) Dh0 . 2 x Tf 0 . 56 Btu/hr-ft2 .OR

TABLE 5. 2

630A OPERATION AT AN EXIT-AIR TEMPERATURE OF 12000 F

Airflow, lb/sec 353
Reactor inlet temperature, OF 570
Maximum average fuel temperature, OF 1330
Maximum hot-spot temperature, OF 1475
Reactor inlet pressure, psi 396. 2
Reactor exit pressure, psi 384. 3
Maximum dynamic head (fuel), psi 1. 44

*m1I 1339, "Properties of Uranium Dioxide-Stainless Steel Dispersion Fuel Plates," April 1959.
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where 1. 097 is a multiplying factor for irregular tube conditions; G is mass velocity in
lb/sec-in.2 , Dh is hydraulic diameter in inches; T is bulk air temperature in OR, and Tf
is film temperature in OR. The core average heat flux is 66, 500 Btu/hr-ft2 .

The pressure loss of 4 percent is calculated using conventional compressible flow re-
lationships and uses a friction factor equal to (1. 66)(0. 046) Re 0. 2, where Re is the Rey-
nolds number and 1. 66 is a friction factor multiplier applied for discontinuities in the
flow path.

Fuel element average surface temperature varies from 7500F at entrance to the maxi-
mum value of 1575 0F at the last stage. A plot of the average fuel element temperature
and the bulk air temperature is given as a function of active core fractional length in
Figure 5. 8. The maximum average temperature of 15750F is defined as that temperature
that would exist at the longitudinal position of maximum temperature if the longitudinal
power distribution, all local heat fluxes, and quantity of flow are equal to an average
value. While the 630A reactor is designed to approach these conditions, certain pertur-
bations will probably still exist. To obtain the hot-spot temperature, these perturbations
must be added to the average- maximum temperature.

Two methods available for predicting temperature deviations and hot-spot temperature
are evaluation of the test data and analytical prediction based on statistical combinations
of the estimated deviations. Results of HTRE-3 tests* showed the following empirical
expression for hot-spot temperature:

T = ATc(ATb) (ATb') (OTT')
c (ATc) (ATb) (ATb') +

where:

Ts' = Maximum fuel surface hot-spot temperature
ATc = Core average air temperature rise, (T-T1 )
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Fig. 5.8-630A fuel element and air temperatures at maximum power conditions

*G. Thornton and B. Blumberg, Jr., "ANP HTRE's Fulfill Test Goals," Nucleonics, January 1961.
B. Blumberg, Jr., "Performance of hlIm-3," presented to the American Nuclear Society, Dallas, Texas, March 29, 1961.
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ATb = Average temperature rise of air through fuel element
ATb' = Maximum temperature rise of air through fuel element
ATT' = Maximum temperature rise from inlet air to surface of fuel

Ti = Average core inlet air temperature
To = Average core exit air temperature

The ratio ATb/ATc represents the penalty for cooling core components other than the
fuel elements. The value for this ratio in the 630A reactor would be considerably lower
than that for HTRE-3 because moderator cooling by air is not required in the 630A. A
value of 1. 005 appears to be adequate to account for heat loss to the water moderator.
The ratio ATb'/ATb is basically a peak-to-average-power ratio in the fuel element and
includes a flow perturbation factor. Extrapolation of HTRE -3 test data to allow for all
significant design modifications and power swings caused by fuel burnup yields a value of
1. 16 for this ratio. The ratio ATT'/ATb' is dependent on the heat transfer characteristics
of the fuel elements. Extrapolation of HTRE- 3 data to allow for design modifications
yields a value of 1. 21 for this factor.

Using these values at core inlet and average exit-air temperatures of 5500 F and 1400 0 F,
respectively, the maximum fuel surface hot-spot temperature, Ts', can be predicted:

Ts' = 850 (1. 005) (1. 16) (1. 21) + 550 = 1750 0F

Fuel element hot-spot temperature for the 630A reactor has also been estimated by
statistically combining the predicted individual temperature deviations. The hot-spot
temperature is found by using the expression

Ts'= F(Ts - Ti) + Ti

where F is a temperature factor calculated statistically, Ts is the average maximum fuel
element temperature, and other symbols are as defined above. The value of F is deter-
mined by the method illustrated in Table 5. 3. The various contributions to the tempera-
ture factor are first shown in three separate groups. Those in group III are combined
statistically and the result is multiplied by the factors in groups I and II to determine the
factor F.

TABLE 5. 3

DETERMINATION OF F-FACTOR VALUE

I Allowance for unfueled rings, fine radial power 1. 04
II Life effects (fuel burnup) 1. 06

III Cell-to-cell power variation, circumferential
flow 1. 09

Fabrication tolerances 1. 04

Uncertainties 1. 03
Statistical combination by root mean square 1. 10 1. 10

Temperature factor F by product
(1. 04)(1. 06)(1. 10) 1. 21

In summary, analyses of test data and computations involving statistical combinations
of temperature deviations indicate that achievements of the preliminary prediction of a

hot-spot of about 17500F is practical. Incorporating burnable poison in the unfueled rings

to reduce life effects on temperature, and longitudinal power shaping are also methods

that are still available to increase the certainty of achieving this maximum hot-spot
temperature.
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These assumptions lead to the following calculation:

Ts'= 1. 21 (1575 - 550) + 550 = 17900 F.

Figure 5. 9 shows afterheat generation as a function of operating power at reactor scram
and time lapse after scram. Complete loss of main blower airflow at scram, and a 1-
second scram-delay time, are assumed. It was further assumed that the air pressure
suddenly dropped to atmospheric so that the aftercooling flow was limited to 15 pounds
per second. The average maximum fuel-plate temperature as a function of time after
scram is also shown. During the 1-second scram-delay time, the fuel plate temperature
increases to 1730 0 F from the normal value of 1575 0 F. The auxiliary blower then circu-
lates cooling air at 15 pounds per second, and the fuel plate temperature increases to
1850 0 F during a 10-second interval then decreases continuously. Expected fuel plate tem-
peratures are actually about 50 0F less than those indicated because no heatflow to the
moderator was assumed for these estimates. The maximum fuel plate temperature re-
sulting from the failure described in Figure 5. 9 is below the steady-state operating tem-
peratures obtained in the HTRE-3 MTR and ETR tests and is far below the 25500 F melting
temperature of the fuel elements.

Although detailed estimates of heating rates within secondary components, and particu-
larly within components of complicated geometry located along the vertical axis of the
reactor, have not yet been made for this particular reactor configuration, previous tests
of similar reactors indicate that satisfactory operating temperatures and temperature
gradients will be achieved. Both analytical and experimental determinations of secondary
component temperatures would be included in later design and analysis studies.

Moderator water enters the reactor at 1900F and is heated to 2400 F by nuclear and
thermal heating. The waterflow rate is 900 gpm. Nuclear heating in the reactor vessel,
the reflector, and the moderator water amounts to about 8 percent of reactor total power.

About 1 percent of reactor power is transferred by conduction through the fuel element
structure to the water. The pressure loss of the moderator water within the reactor is

about 15 psi.
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Thermal heat transfer from the fuel element structure to the water is achieved pri-

marily through free convection. The film coefficient is about 170 Btu/hr-ft 2 .OF, and the

water film temperature drop is about 300 F. The average water-side temperature of the

fuel element structure is 245 0F. Since the convective heat transfer mechanism is adequate

for structural cooling, portions of the structure located in isolated regions in the moder-

ator water circuit would not become overheated.

5. 1. 7 NUCLEAR DESIGN

The 630A reactor system has been analyzed by various methods developed by the Gen-

eral Electric Company during the aircraft nuclear propulsion program. These anslyses
were used to determine general reactivity requirements, the reactivity available from

direct-cycle systems, power distributions, the effect of full flooding on such systems,

and the effect of departures from the systems. These analyses provide far more precise
evaluations of the reactor than would ordinarily be the case with a new reactor concept.

Because this reactor differs only slightly from the HTRE-1, HTRE-3, and XMA-1A
reactors, many of the ground rules and limitations that were evaluated and understood

previously can be applied immediately to the 630A. The purpose of the analyses described

in this subsection is to provide a base point from which the effects of various accidents
can be computed, to provide a reference point from which system performance can then

be estimated, and to establish the approximate number of control devices required for

the system. Thus, the data presented and discussed below represent the results of these

analyses but do not necessarily represent the design numbers that would be found in a
final design of the 630A reactor.

In the design of the 630A or any other reactor, the first criterion that the design must
meet is that the chain reaction must be self-sustaining throughout the desired operating

life; i.e., sufficient reactivity must be installed in the cold, clean condition to maintain

criticality throughout the operating lifetime. The second criterion is that, to be a useful

machine, it must deliver usable power in sufficient quantities to meet the requirements

of the application. To maximize the utility of the machine, the maximum amount of power

must be removed while still remaining within temperature limitations of the materials

used. Thus, to meet the thermodynamic requirements, the plate temperatures must be

as uniform as possible.

Two techniques are being used in the 630A reactor to adjust the generation of power

per unit of heat transfer area. (1) To counteract the flux or power falloff at the periphery

of a uniformly loaded reactor, the ratio of moderator to fuel density is increased radially
outward. No attempt has yet been made to tailor the longitudinal power distribution other

than by adjusting the end reflector effectiveness. (2) To compensate for the flux decrease
on the inside of the fueled cartridges, the meat thickness of each of the concentric rings is

adjusted. Thus, thicker rings compensate for the decreased flux profile, from the mode-
rator through the fuel, that would exist if all fuel rings were of the same thickness.

Calculations of the flux variation within the fueled region are performed with a com-
puter program (12) in which the cell is represented as one of an infinite lattice, with the
variation within the cell treated by a group transport theory method. Because significant

contributions to the power generation are made by the lower six groups of the neutron

energy structure, this calculation is performed on each of the six groups and the result-

ant sum is normalized to provide unity power at this location within the cell. The results
of the calculations indicate that the range of plate thicknesses required for the reactor to

perform as described above will be from 17 mils to approximately 33 mils.

Because past experience indicates uncertainties in cross sections, effective energy dis-

tributions, and neutron behavior, the final fuel plate thickness will be determined by a
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combination of experimental and analytical techniques. In the critical experiment, the
fuel element will be assembled using the best estimate of the uranium distribution avail-
able from analysis. Power generation per unit gram of fuel will then be measured. This
provides an integration over the effects of variation in effective neutron energies, uncer-
tainties in cross section, and neutronic behavior. The experimental data will then be
used to determine the fuel plate thicknesses required to achieve flat power generation
per unit of heat transfer area.

The foregoing gives no consideration to the effects of large burnup percentages, fission
product poisons, and the shift in effective neutron spectrum that will accompany the long-
time operation of these fuel elements. As the fuel is burned up, the thermal neutron atten-
uation through the rings will decrease and the fission-producing flux curve will flatten.
The presence of the fission product poisons tends to slow down this process, however. In
addition, the burnable poison in the outer insulation jacket, to be discussed later, is also
burning up, thus raising the initial level of the flux entering the fuel channel. Thus, by
the use of the burnable poison, the swing in radial power variation from the beginning to
the end of fuel life can be decreased. The effect of fission product poison, fuel burnup,
experimental input on the initial power distributions, and the burnable poison will all be
integrated and correlated to result in a final fuel element design of an optimum tempera-
ture variation over the operating lifetime. Properly adjusted, the variation in plate tem-

perature is expected to be no greater than 6 percent of the difference in temperature of
the inlet air and the fuel plate.

The amount of uranium required to assure operation over the full lifetime is partly
dependent on the power flattening modifications. In general, more uranium is required
in a power-flattened reactor than in one which is not for a given reactivity. Another vari-
able that significantly affects the reactivity and power distribution is the choice and loca-
tion of reflector materials. Evaluations were performed by GE-NMPO on several different
reflector compositions and material arrangements. Basic material variations studied
were beryllium, water, and stainless steel. The use of beryllium immediately adjacent
to the active core is a significant aid in flattening the gross radial power distribution by
increasing the flux level in the outer regions of the core, thus reducing the number and
magnitude of variations required in the moderator-to-fuel ratio. Using a beryllium re-
flector, the required power distribution can probably be achieved with three, and cer-
tainly no more than four variations in this ratio. Beryllium also increases reactivity
more than stainless steel or water. Studies of the effects of various thicknesses of beryl-
lium has indicated an optimum thickness of approximately 2 inches. That is, additional
beryllium will provide somewhat more reactivity and would reduce the moderator volume
variations but not commensurate with the added cost. The reactivity requirements for
15, 000-hour operation at a power level of 65. 4 megawatts are summarized in Table 5.4.

As presently calculated, this reactivity requirement is an upper limit; that is, the
reactivity due to fuel burnup, U2 3 6 absorption, and fission produce poison may be lower
than the above numbers indicate because somewhat pessimistic values for the absorption
cross section and resonance integrals of the fission product poisons were used. In fact,
data emanating from the Naval Reactors Program on the effects of fission product poison
indicate that a decrease in this requirement indeed may be expected. However, if the con-
servative estimated requirements prove to be correct, calculations of the cold, clean
reactivity of the 630A reactor with a 2-inch-thick beryllium reflector show that adequate
reactivity, somewhat over 16 percent, will be available. This large amount of reactivity
could give rise to a problem of providing a sufficient number of rods to control the reac-
tor and shut it down. An additional design requirement on the worth of the control system
is that it must be able to shut the reactor down when fully flooded with water. Calculations
utilizing multigroup diffusion theory and transport theory show that flooding the reactor
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TABLE 5.4

REACTIVITY REQUIREMENTS FOR 15, 000-HOUR OPERATION
AT 65.4 MEGAWATTS

Reactivity Required,
Source % ak

Fuel burnup (U 2 3 5 fission plus conversion to U2 3 6 ) 6. 0

U2 3 6 absorption and U2 3 8 removal and conversion 1. 6

Fission product poisons except xenon 6. 0

Xenon-135 1.7

Total cold, clean reactivity required 15. 3

would add approximately 15 percent to the reactivity of the system, producing a total
requirement somewhat in excess of 30 percent. However, because of the uncertainty in
the calculation of reactivity added to the system under fully flooded conditions, verifica-
tion of the worth of this flooding must be made in the critical experiment. Because it was
necessary to homogenize the water and fuel for this analysis, the prediction of 15 percent
is believed to be an overestimate. Even if this calculation proves to be the case, it is
still possible to accommodate and accomplish all of the control design objectives by using
stainless steel with 1 weight percent of enriched boron for the fuel cartridge insulation
outer liner and the scram rods in the center moderator tubes. With a liner of this compo-
sition the cold, clean reactivity will be about 3 percent and the worth of the scram rods
would be sufficient to make the reactor subcritical when flooded. The boron-loaded liner
would also serve to reduce the swing in relative power distribution within the cartridge
as a function of life. The reactor would gain reactivity as the boron is burned out, thus
tending to compensate for the accumulation of fission product poisons and the depletion
of the fuel inventory. At the end of life, 0. 1 to 0. 3 percent reactivity will still remain in
the remaining boron-10 in the insulation liners. Because the loadings in reactivity have

been calculated to provide at least 15, 000 hours with a margin, the residual boron would
not affect the 15, 000-hour life as far as reactivity is concerned.

These calculations indicate that, with shim rods (control rods) at the interstitial rod
positions and with safety rods in the central moderator tubes, the 630A system has suffi-
cient margin for control. In the calculations, the control rods were assumed to contain
50 weight percent boron carbide and 50 weight percent stainless steel. The worth of the
control rods could be increased somewhat by using enriched boron carbide or by changing

to a mixture of rare earths. A rare earth rod would be quite effective in this reactor be-
cause of the large percentage of fission-producing neutrons in the epithermal energy
region. In addition, other control techniques are available and will be investigated if
found necessary or desirable from the critical experiment.

In summary, the reactor for the 630A application can be built utilizing developed manu-
facturing techniques. The reactor would have sufficient reactivity to operate for 15, 000
hours and the power distribution can be balanced within the required thermodynamic
limitations. Several design approaches are available to assure that the reactor will

safely shut down in the event of flooding.
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5. 1. 8 HANDLING REQUIREMENTS

The reactor is an integral part of the shield plug, and the assembly is handled as a
unit. It is inserted into and removed from the pressure vessel while the ship is afloat
in protected waters.

After assembling the shield plug and reactor and fully inserting all the control rods,
the fuel cartridges will be installed in the reactor at a suitable facility. Normal precau-
tionary loading procedures will be followed and nuclear monitoring and initial checks such
as critical experiments will be performed prior to installing the assembly in the pressure
vessel.

For the initial assembly, the fuel cartridges will be installed manually or with remote
handling equipment. The fuel cartridge is installed from the bottom of the reactor. With
the hooks rotated approximately 10 degrees out of alignment with the bellmouth ribs, the
cartridge will be pushed into the air tube until the hooks are above the bellmouth ribs and
then rotated until the hooks are aligned with the bellmouth ribs. The cartridge will then
be pulled down until the hook contacts the ribs.

The reverse procedure will be followed to remove the cartridge from the core, using
remote handling equipment. Remote installation and removal of similarily designed fuel
cartridges from HTRE-1, -2, and -3 reactors were accomplished many times with a ma-
chine designed for the purpose.

After the critical experiment is performed, the complete assembly will then be trans-
ported to the ship and lowered into the pressure vessel through the uptake casing in the
ship. The assembly is secured to the pressure vessel by stud bolts at the mating flanges.
The innermost portion of the shield plug doughnut is installed and the instrumentation,
moderator water, and other necessary connections made. If individual containment is
used, the top plate of the actuator containment tank is then fastened and the outer portion
of the shield plug doughnut secured.

The reactor - shield plug assembly is removed by reversing this procedure, as dis-
cussed in section 2.

Individual control rod actuators and control rods can be removed and replaced while
the reactor - shield plug assembly is in place. The top plate of the actuator containment
tank is removed to provide access to the actuators. After the actuators are disconnected
from the rods and removed, the top plate of the shield plug is removed to provide access

to the control rods.

5.1.9 SPARE REQUIREMENTS

Spare control rods and actuators, nuclear sensors, and similar items will be carried.
A spare fueled reactor - shield plug assembly will be provided at the dockside facility for
expeditious refueling. One spare assembly will be sufficient for a number of ships. Re-
fueling a ship will require 2 to 3 days; the spent-reactor can be refueled in 5 or 6 days
and will be used as the replacement reactor for the next ship requiring it.

5.2 SHIELD PLUG

5.2.1 DESCRIPTION

The shield plug is attached to the reactor and serves as the top cap of the pressure ves-
sel, provides shielding for the area above the reactor, forms plenums for moderator
water distribution, and provides mounting for the control rod actuators. The moderator
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water serves as the neutron shield and a 7-inch-thick lead slab is the primary gamma-
shield.

The shield plug is divided into two sections by a 6-inch-thick stainless steel flange plate
84 inches in diameter. Since this plate is larger in diameter than either the upper or
lower sections of the shield plug which are welded to it, it also serves as the flange that
mates with the top flange of the pressure vessel. When installed, therefore, the lower
section of the shield plug fits inside the pressure vessel and the upper section extends
above it.

The upper section of the shield plug serves as the inlet plenum for the moderator water
and provides traverse space for the plates connecting the three control rods, as shown in
Figure 5. 10. This section is formed by a 2-inch-thick cylindrical shell 32. 5 inches high
and 57 inches in diameter, which is closed at the bottom by the flange plate and at the top
by a 5-inch-thick flat cover plate 65 inches in diameter. The cover plate is bolted to the

cylindrical shell and the flange plate is welded to it. The 72 shim rod guide tubes and the
85 center moderator tubes penetrate and are welded to the flange plate, thus providing
inlets to the reactor for the moderator water. The control rod actuators are mounted on
top of the cover plate and their extension rods pass through the plate and are connected
to plates holding the ganged control rods. The control rods in turn extend down and
through the shim rod guide tubes and center moderator tubes.

The lower chamber of the shield plug serves as a plenum for the reactor exit water and
contains a 7-inch-thick lead slab clad with 1 inch of stainless steel. The chamber is
formed by a cylindrical shell and a lower torispherical head. The 2-inch-thick cylindrical
shell is approximately 15 inches high with an outside diameter of 74. 5 inches. The tori-
spherical head has an outside diameter of 74. 5 inches and is 3 inches thick. The shell and
head serve as the top cap for the pressure vessel and as a header for the six 4-inch mod-
erator water exit pipes and the 85 center moderator exit pipes. The 72 shim rod guide
tubes also penetrate the torispherical head and are welded to it.

The reactor is suspended by these pipes a minimum of 6 inches below the torispherical
head to provide a plenum for the reactor inlet air. The center moderator tubes extend
42. 5 inches below the lowest point on the torispherical head.

The water in the shield plug is in series with the reactor moderator water. The water
flows from the moderator heat exchanger into the inlet plenum of the shield plug. Here
the water divides into two paths. Part of the water flows down the shim rod guide tubes
to the bottom of the reactor, upward through the active core, reflector, and thermal shield,
through the six 4-inch moderator water exit pipes to the shield plug exit plenum. The re-
mainder flows down the inlet pipes of the center moderator, doubles back, and flows up-
ward through the center moderator return annulus around the inlet tube to the shield plug
exit plenum. The exit plenum water then flows to the expansion tank, through a pump, into
the heat exchanger, and back to the inlet header of the shield plug. A relief valve in the
water loop is set at 40 psig.

5.2.2 DESIGN REQUIREMENTS

The shield plug is designed for 440 psig external pressure and 40 psig internal pressure
at 300 0F. It is designed to meet the requirements of the United States Coast Guard and
the American Bureau of Shipping as well as the ASME Boiler and Pressure Vessel Code,
Section VIII, "Unfired Pressure Vessels." It is also designed to withstand corrosion,
erosion, material fatigue, and changes due to irradiation during its design life of 20 years.
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5.2.3 MATERIALS

The shield plug structure is fabricated of Type 304 stainless steel. Both surfaces of
the lead gamma shield are lined with 1 inch of 304 stainless steel, with heavy-wall stain-
less tubing penetrating the shield. The lead is cast and bonded to the stainless steel sur -
faces for optimum heat transfer.

5.2.4 PROPOSED FABRICATION METHODS AND SOURCES

Welding will be employed for the construction of the shield plug which will be fabricated
and tested to the ASME Boiler and Pressure Vessel Code, Section VIII, "Unfired Pres-
sure Vessels," and in accordance with the requirements of the United States Coast Guard
and the American Bureau of Shipping. The final assembly of the shield plug will be per-
formed by GE -NMPO because it should be done in conjunction with the fabrication of the
reactor to form the reactor - shield plug assembly. Approximately 50 percent of the com-
ponents will be fabricated by GE -NMPO. Bids on components such as the cylindrical
shells and the torispherical head will be solicited from outside vendors.

5.2.5 MAINTENANCE REQUIREMENTS

No maintenance requirements are anticipated during the 20-year life of the shield plug
other than replacement of the control rods and the control rod actuators. Removal of the
top flat plate of the shield plug provides access to the control rod actuators. These can
be removed by actuating the remote disconnect on the bottom of the control rod actuators.
To replace the control rods, all the actuators and the top flat plate of the shield plug must
be removed.

5.2.6 HANDLING REQUIREMENTS

The shield plug must be capable of being installed and removed from the pressure ves-
sel as part of the reactor - shield plug assembly, as discussed in section 2.

5.2.7 SPARE REQUIREMENTS

A spare reactor - shield plug assembly will not be provided aboard ship. One spare as-
sembly will be provided at the dockside facility as discussed previously.

5.2.8 THERMAL ANALYSIS

During reactor operation, heat will be generated in the shield plug water, the steel,
and the lead slab in the shield plug. The total heat generation amounts to less than 1 per-
cent of reactor power. About one-half of this power is generated in the steel shell and the
remainder in the slab and water. The shield plug is cooled by moderator water as it is
discharged from the reactor core at about 2350F. Heat is transferred from the steel and
lead slab to the water by natural convective heat transfer at the upper and lower horizon-
tal surfaces and by forced convection in the vertical water passages in the slab. Additional
analytical and experimental determinations of secondary component heating rates and tem-
peratures will be included in later design and analysis studies.

5.3 REACTOR CONTROLS

5.3.1 GENERAL

The reactor will utilize three control systems, to span the range of power between
source level and full power. This is'the same type of control successfully demonstrated
in the HTRE-3. The source range system controls between source level and 10-6 full
power, the intermediate range system is used to control between 10-6 and 10 percent full
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power, and the power range system controls between 10 and 100 percent full power. A
safety system is provided that monitors several parameters. If reference levels are ex-
ceeded, the safety system provides either a warning or reactor scram.

5.3.2 SOURCE RANGE SYSTEM

The source range control system consists of two identical channels each comprised of
a fission chamber, preamplifier, pulse amplifier, discriminator, log count rate circuit,
log count rate amplifier, and log count rate meter. Log count rates will be displayed for
each channel for comparison by the operator. Reactor control in this region will be man-
ual in that the operator must manipulate the remotely controlled rod actuators to obtain
the desired log count rate or rate of change. There will be no period indication or active
period safeties in this region. The fission chambers will furnish power level information
in the form of pulses. The pulse rate will be proportional to the flux in the proximity of
the sensor; thus, the pulse rate will be a function of the power level of the reactor core.
The log count rate circuit will operate on the pulses to furnish an analog output propor-
tional to the logarithm of the pulse rate. It is this signal that will be displayed to the op-
erator as he traverses the source range from 10-10 to 10-6 full power. If the indicated
count rate is less than the known source level, each source range channel will turn on a
warning light, thus indicating that the source range equipment is not functioning.

The possibility of using a proportional counter rather than a fission chamber will be in-
vestigated. Since the proportional counter has a greater pulse height than the fission
chamber, it may be possible to eliminate the preamplifier. In addition, the use of tran-
sistorized equipment will be considered because of its potential reliability and compara-
ble costs.

Cable noise has been the most difficult problem encountered in previously designed
source range systems. As a result of development work carried out on electrical cable
shielding toward the end of the ANP program, considerable improvements in design will
be possible in this system.

5.3.3 INTERMEDIATE RANGE SYSTEM

The intermediate range will also be manually controlled. The operator will be furnished
period and log flux readings from two identical channels, each consisting of a compen-
sated ion chamber, log amplifier, period computer, period meter, log flux meters, and
safety relays. An automatic period safety and level safety will be included in this range
of control. If the reactor period becomes shorter than a predetermined level, a warning
light flashes. If the period become even shorter, equaling or less than a preset period,
the reactor will be scrammed automatically.

Another function of the period safety is to serve as an active safety for the source range.
Should the operator unknowingly permit the period to become too short during source
range operation, and not correct the situation before the power reaches the intermediate
range of operation, the intermediate range period safeties will take safety action. The in-
termediate range system will have at least three decades in which to scram the reactor
before any appreciable heat can be generated in the reactor core.

The intermediate range will overlap the source range by about one-half a decade so that
the operator can be sure that the intermediate range log flux meters are operating before
using them for control. Similarly, the intermediate range will span the power range and
will have a high flux level safety. Thus, if the reactor power level should exceed the max-
imum design level, the reactor will be automatically scrammed by either of the identical
channels of intermediate range and/or the maximum level signal from the power range

equipment.
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The intermediate range instrumentation will receive its signal from two identical com-
pensated ion chambers, one of which will be shared with the automatic power range sys-
tem. The use of identical chambers allows some standardization and requires fewer
spares. Also, the loss of the power range chamber can be overcome by using either of
the intermediate range sensors until the power range sensor can be replaced. This would
still provide two safety channels which is sufficient for safe operation.

Transistorized equipment is also being considered for use in the intermediate range
because of its potential reliability, ruggedness, size, weight, and cost.

5.3.4 POWER RANGE SYSTEM

The reactor power range is a conventional closed loop in which the reactor flux (nuc-
lear power) is the controlled parameter. The power level is measured by a compensated
ion chamber (shared with the intermediate range) and compared to the power demanded.
Any difference is used to position poison rods within the core to reduce the difference to
zero; i. e., the measured power equals the demanded power. The rods are positioned in
the core by means of linear actuators. There will be two types of control actuators, 1
proportional and 26 on-off actuators. The proportional actuator will be used for fine con-
trol and will be operated, within the velocity limits of the actuator, at a velocity propor-
tional to the flux error. It will be operated open-loop. Whenever the proportional actuator
moves a predetermined distance from null position (one-half withdrawn), on-off actuators
will be actuated to return the proportional actuator to null position. These actuators will
be in either of three states of operation: full-insert rate, off, or full-withdraw rate. They
will be driven by synchronous motors thus making their velocity proportional to line fre-
quency. Although it is possible to eliminate the proportional actuator, some degradation
in accuracy and transient performance would result.

The transient performance of the reactor flux loop will permit the steam generator
transient requirement to be fulfilled.

Magnetic amplifiers, transistors, or a combination of both will be used in the power
range system.

5.3.5 SAFETY SYSTEM

The safety system is designed to prevent damage resulting from a failure in the control
system, operator negligence, and all forseeable external perturbations. Two levels of
safety are provided, one warning of possible abnormal conditions and the other causing
automatic reactor scram. Warning lights will indicate when certain power-plant parame-
ters exceed their normal maximum levels. This will caution the operator to be alert to
the possibility of equipment malfunction. Depending on the circumstances, the operator
may elect to reduce power or to continue. The lights will be extinguished if the parame-
ters return to their normal operating level. If they exceed preset limits, however, the
reactor will automatically scram.

Scram will be initiated by removing power from the safety actuators, permitting me-
chanical springs to drive the poison into the core. Once scram is initiated, it must be
completed; thus a reactor startup is required to bring the power plant back to operating
power. Warning and scram parameters are listed in Appendix A. Those parameters which
are necessary for the operation of the power plant or are needed for development data are
indicated as being displayed.

5.3.6 ACTUATORS

Three types of actuators will be required for control and reactor safety. The previ-
ously mentioned proportional and on-off actuators will be used for control of the reactor
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during operation. The safety actuators will serve to insert poison into the reactor core

at a rapid rate to completely shut down the reactor under all forseeable unsafe operating

conditions.

The on-off actuators are powered by a synchronous motor driving through reduction

gearing and a ball lead screw similar to those used in the HTRE-3 reactor. The maximum

linear output velocity of the actuator will limit the Ak rate to 1 percent per minute with all

actuators operating at maximum speed.

The regulating rod proportional actuator will differ from the on-off actuator by using a

servomotor rather than a synchronous motor. Its maximum speed will limit the Ak rate

to 4 percent per minute.

The safety rod actuators are also of the same basic design as those used on HTRE-3.

It is a pneumatically-cocked, spring-driven, linear actuator. It is cocked by applying

high-pressure air to the cocking piston which compresses the spring. It is held in the fully

compressed position by a pneumatically operated latch. The air pressure is applied

through a solenoid valve. Removing electrical power from this valve vents the latch and

allows the spring to drive the controls to their fully inserted position.

Both the shim and safety rod actuators drive up to three rods which are ganged within

the shield plug. Each gang is limited to a worth of less than $1.00.

5.3.7 FABRICATION

It is planned to purchase source range and intermediate range electronic circuitry as

packaged assemblies. At least one vendor has under development a military version of

transistorized circuitry which basically meets 630A requirements. Although there is no

complete transistorized system under development which meets all requirements of the

power range, many of the building blocks are readily available. It is planned that this

system will also be vendor -supplied.

Nuclear sensors to be used are of types commercially available. Basic shim and safety

rod actuators are also available, and will require only minor modifications. The safety

system will be similar to the HTRE-3 design, and it will utilize commercially available

amplifiers.

5.4 BOILER

5.4.1 DESCRIPTION AND FUNCTION

The boiler is a once-through design that consists of a cylindrical, serpentine-wound,
involute tube pattern similar to the design used in the Enrico Fermi atomic power plant.
The assembly is shown in Figure 5. 11.

Water passes through the tubes and reactor discharge air passes down and over the

tubes in the involute array. Air is prevented from bypassing the boiler by means of a

laminated circular seal ring mounted at the top of the boiler. The ring bears against the
outside diameter of the reactor vessel, thus effecting a seal. The air passing down through

the boiler is contained between an inner cylindrical baffle and the cylinder forming the
outside diameter of the unit. A conical flow divider attached to the outside of the boiler
acts as a separator for the blower inlet or exit air. Air exiting from the boiler passes up-
ward between the boiler and the flow divider, enters the inlet duct to the blower that pene-
trates the flow divider, and is discharged from the blower into the area between the flow
divider and the pressure vessel.
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Feedwater is admitted at the bottom of the boiler, passes up through the serpentine
passages where it is evaporated and superheated, and returns to an exit header at the
bottom of the boiler as superheated steam.

The boiler, rated at 213 x 106 Btu/hr, converts 198, 340 pounds per hour of 432 0 F water
to steam at 9500 F and 850 psig. The boiler consists of 264 Cr-Mo seamless alloy tubes,
5/8 inch in outside diameter, each approximately 140 feet long, exposing a total of 6340
square feet of effective surface to the reactor discharge air. Each of the 264 tubes makes
21 horizontal runs in the 80 inches of effective boiler height.

Three tubes are fastened together to form a clip. The 88 clips thus formed are arranged
in radial positions around a 22-inch cylindrical baffle and extend to a 90-inch outside di-
ameter. Each clip presents 63,horizontal surfaces to the downward air flow. In order to
maintain an even spacing between tubes for airflow, each clip is formed in an involute

curve, with approximately 1/4 inch between tubes.

The boiler is divided into quadrants with individual tube sheets serving the inlets and
exits of each quadrant. In the event of a boiler tube failure, the defective quadrant is de-
tected and can be valved off from the rest of the system at the inlet and exit, permitting

operation at only slightly less than 75 percent power while the defective tube or tubes are
being repaired.

5.4.2 DESIGN REQUIREMENTS

The boiler will be designed to the ASME Boiler and Pressure Vessel Code, Section I
and Section VIII, "Power Boilers" and "Unfired Pressure Vessels, " respectively, and
applicable nuclear amendments. The objective design life is 20 years at the rated condi-
tions. Ample margin will be provided for erosion and corrosion losses throughout the op-
erating life. The maximum oxidation requirement on the tube material would be imposed
in the event of a tube rupture. This would occur in a closed-off quadrant when the dry
tubes reached airstream temperature.

5.4.3 MATERIAL SELECTION

The seamless tube material selected is SA-213 T9, a 9Cr - 1Mo low-alloy steel. The
structural and sheet metal components on the air discharge end of the steam generator,
as well as the 7-inch-thick header plate, will be made of SA-387D, a 2.25Cr - 1Mo low-
alloy steel. The structural members directly below the core which are exposed to full
reactor discharge temperature are to be fabricated of SA-167-11, an 18Cr - lONi - 2Mo
high-alloy steel.

5.4.4 PROPOSED FABRICATION METHODS AND SOURCES

The design of the 630A boiler has evolved from discussions and preliminary design
studies with the Griscom-Russell Company, and closely follows the design of the boiler
built and tested for the Enrico Fermi atomic power plant. Other vendors will be requested
to submit bids for designing and building the boiler to GE -NMPO specifications.

Structural and sheet metal components, as well as the boiler tubes, will be joined by
welding as specified in Section I and Section VIII of the ASME Boiler and Pressure Vessel

-Code. Tubes will be fastened and sealed to the header tube sheets by automatic tube weld-
ing equipment and procedures.

5.4.5 MAINTENANCE REQUIREMENTS

As described in section 4. 1, it may be necessary to continue operation under partial
power in the event of a boiler tube failure. This entails splitting the boiler tubes and headers
into quadrants and monitoring each quadrant for deviations in pressure drop or flow rate.
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The errant quadrant is valved off until repairs are effected. To repair the boiler, the dished
lower containment head is unbolted and lowered by a block and tackle. This exposes the
short flanged sections of steam piping that are then unbolted and removed. Next, the inner
steam exit header is unbolted and removed using the same block and tackle. The outer
water-inlet header is removed, following the same procedure, thus exposing all four inlet
and exit quadrant headers and boiler tube welds. By placing a slight vacuum on the primary
air system in the pressure vessel, air is drawn into the failed tube and can be detected
visually by smoke. If the tube leakage should be so light that detection by this method is
difficult, both inlet and exit ends of each tube can be blocked and pressure applied to each
tube in turn until the tube which cannot hold pressure is located. Once the faulty tube is
located, it can be repaired by slipping a thin-walled cylindrical plug, closed on one end,
into each tube end and welding a bead around its periphery.

The boiler is re-assembled by reversing the procedure described above.

5.4.6 HANDLING REQUIREMENTS

The boiler, consisting of the tube bundles and their supports, the flow divider for blower
inlet and exit air, and the lower tube sheet that caps the bottom of the pressure vessel, is
fabricated and handled as a unit. To reduce the load on the tube sheet caused by the drag
load of the air passing over the tubes and by the weight of the exchanger, the boiler is
axially supported and laterally restrained by the pressure vessel. Four welded key pro-
jections on the outside diameter of the boiler slip into four shallow U-shaped receivers on
the pressure vessel wall, providing axial support and restraining radial motion of the as-
sembly during rolling and pitching of the ship while still permitting thermal growth.

The boiler is assembled to the pressure vessel by bringing it up into the pressure ves-
sel rotated approximately 10 degrees out of its final position. The top support structure is
then lifted through the open pressure vessel, utilizing the thermal expansion allowance in
the tube bundle to lift the key projections on the boiler to the proper height. The tube sheet
and bundle assembly is then rotated to its proper orientation and the boiler is seated in
the U-shaped receiving units. The tube sheet is then bolted in place. The reverse proced-
ure is followed if it should be necessary to replace the boiler.

5.4.7 SPARES

No spares are to be provided.

5.4.8 AEROTHERMAL DESIGN

The boiler conceptual design is based on a heat load of 213 x 106 Btu/hr, which is adequate
to provide the required steam generation for 27, 300 normal SHP. Heat is transferred in
this cross-counter-flow heat exchanger through 6340 square feet of heat transfer area. The
air temperature drops from 1400 0F at the superheater inlet to 5500F at the economizer
exit. Steam at 850 psig and 9500 F is generated from the feedwater which enters the econo-
mozer at 4320 F. The design-point airflow is 956, 000 pounds per hour and the steamflow
is 198, 340 pounds per hour. The pressure loss on the air side of the boiler is 3 percent,
or about 9 psi, and the pressure loss on the water-steam side is 70 psi. Other detailed
thermodynamic design data are tabulated in Appendix A.

An estimate of the boiler performance at the 1200 0F-exit-air condition shows that the
increase in weight flow offsets the lower air temperature. The size of the assembly would
be essentially the same for the same steam exit conditions and flow.

5.4.9 NUCLEAR ANALYSIS

The boiler will be subjected to neutron fluxes of all energies because it is located di-
rectly below the exit end of the reactor. The fast neutron flux incident upon the boiler is
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approximately 1. 5 x 1012 nv per megawatt. The integrated dose over the life of the system
on the upper section of the boiler will be approximately 1. 2 x 1020 nvt. However, because
this section of the boiler is operating at approximately 1100 0F, any fast neutron damage
occurring in the boiler tubes will be annealed out. The water inlet end is at approximately
the annealing temperature, but the same problem does not exist because the flux level de-
creases with the reduced temperature.

The thermal neutron flux incident upon the boiler will be approximately 1. 3 x 108 nv per

megawatt. The resulting activation of the boiler is extremely small and about 95 percent
of this activation is caused by the creation of Cr5 5 , a pure beta-emitter which presents no
dosage problem. The next most significant activity results from Mo' 0 1 , which decays by
the gamma-cascade process and will produce a total boiler activity, at saturation, of less
than 10 microcuries. All other activation components will be a factor of ten or more below
the Mo'01 activity. Activation of the feedwater is a function of the purity of the water. Based
on the purities shown in section 5.4. 10, the water activation will be less than the maximum
permissible concentration. The calculations of the N1 6 activity formed in the feedwater, due
to the fast neutron flux incident upon the feedwater, indicate a dose level of less than 10-5
mr per hour 1 meter from the superheater discharge plenum. Since the above neutron dos-
ages are all maximum or saturation levels, the handling of the boiler after shutdown will
not be hampered by induced activity.

5.4. 10 CONDENSATE DEMINERALIZER SYSTEM

A demineralizer will be provided to minimize scaling problems in the boiler and to pro-
vide a source for moderator makeup water. The demineralizer consists of two full-flow
units arranged in parallel and located in the secondary loop between the main condensate
pump and the moderator heat exchanger. Each unit consists of a high-flow-rate, polished-
condensate, mixed-bed de-ionizer capable of processing feedwater at the rate of 350 gpm
and maintaining effluent at a maximum of 0. 5 ppm total dissolved solids. The capacity of
each unit is 252, 000 grains. Regeneration will require about 4 hours. Utilizing one unit
on the line while the other unit is being regenerated will permit continuous operation at
the equivalent of a continuous sea-water leak into the condensate of about 30 gallons per
hour.

The purpose of the demineralizer is to remove dissolved solids (1) existing in the sys-
tem components at startup, (2) introduced by the system components and piping during

operation, (3) introduced with makeup water fed into the system upstream of the deminera-
lizer, and (4) introduced into the system as a result of condenser tube leak. It was assumed
that sea water will contain 35, 000 ppm total dissolved solids and the 0. 5 percent makeup
water will be delivered from evaporators with an average of 4 ppm total dissolved solids.

With only this addition of solids from the makeup, regeneration would be required only
once every 10, 300 hours.

Conductivity of both inlet and outlet water will be monitored. The signals will be used
to provide indication and warning.

Regeneration is the only major maintenance required by the demineralizer. The ma-
terials required for regeneration are 150 pounds of either sulphuric or hydrochloric acid,

105 pounds of sodium hydroxide, and about 3000 gallons of condensate for backwashing.
Except for the condensate, these can be stored in bulk storage tanks and piped to the de-
mineralizer. As planned, the regeneration system is fully automatic and requires only

manual initiation.
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5.5 PRESSURE VESSEL

5.5. 1 DESCRIPTION AND FUNCTION

The vertical cylindrical pressure vessel is approximately 212 inches high and is flanged
on each end (see Figure 2. 1). It supports and contains the reactor-shield plug assembly,
the boiler, and the reactor primary coolant. The pressure vessel is made up of a lower
section, an upper section, and a conical transition section. The lower section accommo-
dates the boiler and creates a flow path for the reactor air between its own inside diameter
and the outside diameter of the boiler housing. The lower section is a 2. 5-inch-thick cyl-
inder, 90 inches high with an inside diameter of 101 inches. Two equally spaced nozzles,
each with an inside diameter of 36. 50 inches, penetrate the lower section 51 inches above
the face of the bottom flange. These nozzles accommodate the main and auxiliary blowers.
The 2. 5-inch thickness of the vessel includes the additional thickness required to com-
pensate for the nozzle cutouts.

The upper section accommodates the reactor - shield plug assembly and provides a flow
path for the reactor air between its inside diameter and the outside diameter of the reactor
shell. The upper section is a 1. 50-inch-thick cylinder, 96 inches high with an inside di-
ameter of 75 inches.

The 26-inch-high conical transition section joins the upper and lower sections. A knuckle,
shaped as a portion of the torispherical head, is provided on each end of the transition sec-
tion. The nominal wall thickness of the transition section is 2. 5 inches.

The pressure vessel is closed at the bottom by a 7-inch-thick tube sheet into which the
inlet and exit ends of the boiler tubes are rolled and welded. Water and steam manifolds
are an integral part of the tube sheet which is attached to the pressure vessel flange by
56 equally spaced 3-inch stud bolts. A gasket between the mating surfaces of the flanges
seats the tube sheet and furnishes a seal.

The pressure vessel is closed at the top by a flange on the front shield plug which is
attached to the pressure vessel by 36 equally spaced 2. 5-inch stud bolts. A gasket between
the mating flanges furnishes a seal.

The pressure vessel is supported from a compression support skirt attached just below
the blower nozzles. Bearing surface is provided externally near the upper end of the ves-
sel for alignment and lateral support as required by ship motion.

A lining of thin gauge stainless steel in a waffle pattern is attached to the inside of the
pressure vessel wall to produce a stagnant air barrier and reduce the heat loss from the
air stream through the pressure vessel wall to the shield water.

5. 5. 2 DESIGN REQUIREMENTS

The pressure vessel will be designed for 440 psig pressure at 300 F and will be designed
to meet the requirements of the United States Coast Guard and the American Bureau of
Shipping as well as the ASME Boiler and Pressure Vessel Code, Section VIII, "Unfired
Pressure Vessels" and applicable nuclear amendments. A pressure relief valve will be
set at 440 psig. The vessel will be designed with sufficient margin to withstand the effects
of corrosion erosion, material fatigue, and changes due to radiation during its design life
of 20 years.

5.5. 3 MATERIALS

The pressure vessel may be fabricated of low alloy steel, ASTM A302-56 Grade B, clad
internally and externally with 304 stainless steel to inhibit corrosion of the vessel walls.
The cladding on the surfaces is 0. 25 inch thick and integrally bonded to the pressure ves-
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sel wall. The internal lining is 0. 125-inch-thick 304 stainless steel dimpled to provide a
0. 125-inch air gap between the outside diameter of the lining and the inside diameter of

the pressure vessel wall.

A different material may be necessary because of problems such as nil-ductility change

with irradiation. Additional studies will be performed to determine the optimum solutions
in these areas.

5.5.4 FABRICATION METHODS AND SOURCES

Welding will be employed in the construction of the pressure vessel which will be fabri-
cated and tested in accordance with the requirements of the ASME Boiler and Pressure
Vessel Code, Section VIII, "Unfired Pressure Vessels, " the United States Coast Guard,
and the American Bureau of Shipping. Where these codes do not adequately cover nuclear
service, the applicable nuclear codes of the ASME Boiler and Pressure Vessel Code will
be used as a guide.

Bids on the pressure vessel will be solicited from the major fabricators of pressure
vessels.

5.5.5 THERMODYNAMIC ANALYSIS

During full power steady-state operation, the inside waffle lining attached to the pres-

sure vessel is exposed to the reactor coolant returning from the steam generator at approxi-
mately 560 0F. The outside diameter of the pressure vessel is exposed to borated shield
water at approximately 1200F. Under these operating conditions, the temperatures of the
inside surface of the waffle lining will be 547 0F and the inside surface of the pressure ves-

sel will be 135 0 F. Because the exterior of the pressure vessel is cooled by circulating
shield water, its temperature is essentially uniform, and is primarily established by the
shield water temperature.

5.5.6 NUCLEAR ANALYSIS

Preliminary calculations indicate that the pressure vessel will be exposed to an integrated
flux, with energies greater than 0. 5 Mev, of 1. 5 x 1020 nvt during the 20-year life of the
vessel. Radiation damage data for A302-grade B steel indicate that the capability of this
material at 135 0F and a neutron dose greater than approximately 1019 nvt is questionable.
If a detailed analysis should confirm that the pressure vessel will receive an integrated

flux of 1. 5 x 102 nvt, one of the following alternatives will be adopted:

1. Use stainless steel, which is less susceptible to embrittlement and does not present
the problem of nil-ductility transition temperature at the 630A operating temperatures.

2. Change the design so that the pressure vessel will operate at about 6000F. Sufficient
annealing occurs at this temperature to maintain some ductility in the material.

3. Make provision for intermediate annealing of the pressure vessel to restore the ducti-
lity of the material.

5.5.7 HANDLING REQUIREMENTS

The pressure vessel will be installed and removed as a unit. Before removing the pres-
sure vessel, it will be necessary to remove the shield plug and core, drain the shield water,
remove the upper half of the outer side shield tank, disassemble and remove the lead side
shield, and disconnect the attachment of the pressure vessel to the supporting deck.

If replacement is required, the pressure vessel may be removed from the ship through
the boiler casing in an assembly consisting of the pressure vessel, boiler, and lower tube
sheet.
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5.5.8 MAINTENANCE REQUIREMENTS

No maintenance requirement is anticipated during the 20-year life of the pressure ves-
sel; if necessary, however, it can be removed for major modifications or replacement.

5.5.9 SPARE REQUIREMENTS

A spare pressure vessel will not be provided.

5.6 SIDE SHIELD

5.6.1 DESCRIPTION AND FUNCTION

The side shield consists of a tank of borated water and an annular cylinder of lead that
surround the pressure vessel (see Figure 2. 1). The function of the shield is to reduce the
radiation levels outside the tank to a biologically safe value of approximately 2 mr/hr.

The 248-inch-high shield tank extends 50 inches above and 170 inches below the 27. 5-
inch active core. Its largest diameter, in the plane of the active core, is 201 inches. The
diameters at the top and bottom are 138 and 147 inches respectively. It is flanged at about
mid-height, permitting removal of the top half to facilitate installing the lead cylinder. Tne
shield tank water contains 0. 6 weight percent boron.

The annular cylinder of lead is encased in mild steel; the ends and the inside casing are
1 inch thick and the outside casing is 0. 5 inch thick. This cylinder is 179 inches high and
extends 44 inches above and 108 inches below the 27. 5-inch active core. The inside diameter
of this cylinder is 110 inches except at the top where it tapers to an 88-inch inside diameter.
The total thickness is 10. 2 inches including 8. 7 inches of lead. Below the active core, the
thickness is gradually reduced to 3. 5 inches at the bottom. The lead cylinder is to be fab-
ricated in four mating axially-split sections which are supported from the pressure vessel.

5.6.2 DESIGN REQUIREMENTS

In the total containment arrangement, the shield tank will be designed for 10 psig, the

approximate static head of the water, and 120 0F, the maximum shield water temperature.
The shield tank will be designed to withstand corrosion, erosion, material fatigue, and
changes due to radiation during its design life of 20 years. The individual containment con-
figuration can be designed to contain the air in the event of a pressure vessel breach.

An additional dry shield doughnut of plastic and lead is fastened above the shield tank
around the shield plug. The doughnut serves as a shield cap for the clearance void required
between the pressure vessel wall and the shield plug, to reduce the total radiation dose in
the area to the 2 mr/hr level. In the individual containment case, about half of the dough-
nut is within the actuator containment tank and the other half is outside the tank. For total
containment, it will be fabricated in three radial arc segments.

In both the individual and total containment configurations, the doughnut consists of 5
inches of lead bricks and 20 inches (in height) of polyethylene, and is fastened to a sup-
porting cylindrical shell segment. The inner diameter is approximately 60 inches and the
outer diameter is 128 inches.

These amounts of dry shielding are the results of calculations using the best available
techniques. Past experience has shown that the analyses for discontinuities in materials
and geometry are sometimes in error, and must be supplemented with test data. The use
of dry "patch" shielding facilitates any changes to be necessary.
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5.6.3 MATERIALS

The side shield materials are lead, steel, and borated water. Lead encased in carbon
steel is used for gamma shielding. The shield tank is fabricated from carbon steel. The
boron content in the water is achieved by the addition of potassium tetraborate.

5.6.4 FABRICATION METHODS AND SOURCES

The shield tank will be a welded structure. The lower part, from the bottom face up to

the flange, will be welded to the pressure vessel after it has been built and tested. The
upper part will be fabricated as a unit. Bids on the shield tank may be solicited from quali-
fied vendors. The steel-encased lead cylinder will be fabricated by GE-NMPO in four full-
length interlocking sections. The steel shell will be fabricated and filled with molten lead;
cooling will be carefully controlled to prevent voids. Tne shell plates will be tinned before
filling with lead to assure bonding of the lead for good heat dissipation under nuclear heat-
ing.

5.6.5 HANDLING AND MAINTENANCE REQUIREMENTS

Other than the initial installation and final removal at the end of the life of the power
plant, there are no handling or maintenance requirements for the side shield components.
Inspection and checks will be performed prior to ship installation; the shield and boiler will

be installed in the ship as a unit.

5.6.6 SPARE REQUIREMENTS

Spare components for the side shield will not be required.

5. 6. 7 SHIELD NUCLEAR DESIGN

The shield is designed to limit the radiation level to 2 mr per hour or less at all work
stations in the engine compartment. The selection of materials, and their thickness and
placement, involves an optimization process to assure that the necessary reactor mate-
rials and the structural materials in the shield do not contribute a greater dose due to
neutron captures than they are attenuating by virtue of their mass. The use of lead as a
gamma shield outside the primary pressure vessel is dictated by the increased pair pro-
duction absorption coefficient for lead over that of iron. The mass absorption coefficient
for lead is approximately 50 percent higher than that of iron for the predominant (7.6 Mev)
capture gamma energy. An additional advantage of using lead is its neutron absorption
cross section of only 0. 170 barns compared to 2. 53 barns for iron. Thus, secondary
gamma production in the lead would be about one-fortieth of the production in iron of
equal thickness. Therefore, properly locating the lead with its better mass attenuation
coefficient for core-produced gammas and its decreased secondary gamma production
results in the minimum shielding weight.

Preliminary analyses of the shield configuration indicate that the desired radiation levels
can be achieved within the weight limitations. These calculations were obtained using shield-
ing computer Program 14-0. This program performs radiation penetration calculations along
the line-of-sight paths from each of the numerous reactor source point locations to the speci-
fied detector location, and then integrates over the reactor to get the total effect of the entire
source. The strength of the source points are weighted according to the power distribution in
the core. These calculations are performed for ten gamma-ray energy groups and the fission
spectrum of the fast neutron contribution. Uncollided gamma flux is computed by using linear
gamma-ray total absorption coefficients for each of the materials; a dose buildup factor is
then applied to the scattered contribution. The magnitude of the buildup factor along each
source detector path is, of course, dependent upon the type, arrangement, and thickness of
materials -encountered in addition to the initial gamma-ray energy. An interesting result of
a calculation of this nature is that shielding analyses based strictly on fission process and
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fission product decay gammas are grossly inaccurate in designing the shield. The greatest
contribution to the dose rate, by approximately an order of magnitude, is due to capture
gammas. A multigroup, multiregion neutron analysis was used in the calculation of second-
ary gamma sources.

Although the requirements for dose rates at all working stations and the weight limita-
tions imposed on the steam supply system have both been achieved, the calculations indi-
cate that the optimum shield arrangement has not been achieved. Additional work should
result in either a lighter shield for the same radiation levels or reduced radiation levels
of the same weight. Final verification of the radiation levels for the given shield design
will be accomplished in the tests with the prototype assembly.

5.6.8 THERMAL ANALYSIS

About 0. 1 percent of the total reactor power is generated in the side shield. The tem-
perature of the circulating water that cools the shield increases about 15 0F during maxi-
mum power operation. The cooling water flow rate is 43 gpm.

Internal heat generation in the side shield is primarily dissipated to the cooling water
by convective heat transfer. The film coefficient is about 80 Btu/hr-ft 2 -OF. The maxi-
mum internal temperature of the shield, based on an average coolant temperature of
112 0F, is calculated to be less than 1500 F. Bonding of the lead may not be required in
view of the low heat generation. This will be further investigated because eliminating
the bonding requirement will reduce the cost of fabricating the side shield.

5.7 CONTAINMENT

5.7.1 DESCRIPTION AND FUNCTION

Three methods of containment are available for the 630A nuclear steam generator.

1. Individual containment. In this configuration, the most critical areas such as the
blowers, control actuators, the joint between the shield plug and the pressure
vessel, and the joint between the pressure vessel and the steam generator and its
associated steam lines, are contained by separate units (see Figure 2.1).

2. Total containment. A pressure shell completely surrounds the reactor assembly,
including the steam generator, in the total containment configuration (Figure 5. 12).

3. Modified individual containment. In this system, the outer shell of the side shield is
designed to contain the pressure resulting from a rupture of the pressure vessel wall.

Individual containment produces the lightest weight in the smallest volume while still pro-
viding full protection. The actuator housing containment is a flanged, 1. 25-inch-thick cylin-
drical tank, 110 inches in diameter and approximately 118 inches high. The lower flange
rests on and is bolted to a flange on top of the side shield. The upper flange is capped by a
flat plate which allows access to the actuator area without removing the entire containment
tank. This pressure head serves as an effective container for any leakage bypassing the
main flange between the pressure vessel and the shield plug. In addition, it also serves to
retain any leakage that may occur through the actuator seals and provides a vent area for
the moderator loop pressure relief line. Water, electrical, and instrumentation lines are
brought through the cylindrical wall of the containment vessel. Automatic valves are pro-
vided in the pneumatic lines in case of accident.

The blower containment acts as a backup for the main bearing seals in the event of total
bearing loss, and also contains any leakage through the primary flange of the blower. In
the event of bearing loss, the seal bearing in the containment head will trap the main air
supply until it can be safely bled down.



A

SECTION B-B

(!

TYPICAL CONTROL ROD
GUIDE SLEEVE TYPICAL F

CENTER MC

AIRLOCKPRESSURE VESSEL
AlIRLOCK-----B-

MODERATOR WATER EXIT
ACTIVE CORE

CONTAINMENT VESSEL

CONTROL ACTUATORS D C

22-FT

DIAMETER

0/

0 co--

0 0 oo -- ----

0 0 000 o

AOFLWOUTLET

FEED WATER
\ ~ INLET

D

SECTION D-D - C

SHIELD PLUG/ STEAM GEN

MODERATOR WATER INLET

SHIELD PLUG DOUGHNUT

SIDE SHIELD SHIELD WATER LEAD STEEL CLAD MAIN BLOWER (AUXILIARY
BLOWER NOT SHOWN)

SECTION A-A B TURBINE DRIVE SHAFT

UEL CELL WITH
MODERATOR ROD

Fig. 5.12-RSA study No. I with total containment vessel (l)wg. 2191810)

117

ERATOR
VIEW C-C

77

//



118

The lower containment vessel serves to contain any leakage through the flange between

the steam generator and the pressure vessel. In addition, it contains any leakage of steam

from the flange or manifold areas. Steam lines and water inlet lines are also valved for

automatic shutoff in the event of an accident.

In the total containment configuration (Figure 5. 12) a 1-inch-thick shell surrounds the

entire reactor - shield plug assembly and provides an expansion volume of 2300 cubic feet.

The containment vessel is 34 feet high, approximately 22 feet in diameter, and is con-

structed of low-alloy steel. A minimum of 2. 5 feet is provided between the shield and the

containment vessel for access, inspection, and minor repairs. Access to the assembly is

achieved by a circular airlock 42 inches in diameter. The airlock is equipped with two

interlocking doors that open inward; only one door can be opened at a time. The vessel is

flanged for a removable hemispherical head to permit removal of the reactor - shield plug

assembly. A smaller flange, 68 inches in diameter, at the top of the vessel allows for serv-

icing and removal of the control rods. The bottom of the containment vessel rests on the

boiler flat, which is locally reinforced, and is flanged and capped with a 10-foot-diameter

head for access to the steam generator manifolds. The containment vessel is capped and

sealed in the blower housing area so that the entire blower may be removed by sliding the

blowers outward on positioning rails. A carbon seal is used between the blower cap plate

and the shaft. Water, electrical, and instrumentation lines penetrate the containment ves-

sel; all such lines can be shut off remotely if necessary.

The third containment alternative, strengthening the outer shield wall, also uses the

individual containment method for the actuators and shield plug, blowers, and flanges.

5.7.2 DESIGN REQUIREMENTS

The containment vessel will be designed to the specifications in Section VIII, "Unfired

Pressure Vessels," of the ASME Boiler and Pressure Vessel Code. The total containment

vessel will be designed to withstand an internal pressure of 115 psi; individual contain-

ments will be designed for 400 psig.

In both configurations, the containment vessel will be designed for an external pressure

differential of 10 psi. All steam, water, and pneumatic lines penetrating the vessel will be

equipped with quick-acting valves. Steam and hot water lines will be flanged to bellows at

the penetration points to allow for thermal expansion between the containment vessel and

the lines. Inlet and outlet ventilation ducts in the containment vessel will be valved to close

automatically on a command signal. If the ship should sink in deep water, additional valving

is provided to allow sea water to enter the containment vessel and equalize pressures to

prevent vessel collapse.

5.7.3 MATERIAL SELECTION

The containment vessel will be fabricated of SA 201B (A300) low-alloy steel. The allow-

able stress for this material is 15, 000 psi at temperatures up to 6500F. The containment
vessel is sufficiently protected by the side shield that no radiation damage should be en-

countered. The containment vessels do not require stress relieving except where frames

or inserts more than 1. 25 inches thick are installed.

5.7.4 PROPOSED FABRICATION METHODS AND SOURCES

Individual containment vessels could be fabricated within GE-NMPO shops using fabri-

cation and inspection procedures conforming to the Boiler Code. If total containment is

decided upon, it will be necessary to fabricate the containment vessel in two parts, a low-
er half and an upper half. In this manner, the lower half can be fabricated and installed
aboard ship at the proper time, while the top half would not have to be positioned until the

power plant is installed. Bids for the fabrication of the total containment vessel would be

obtained from outside vendors.
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5.7.5 HANDLING AND MAINTENANCE REQUIREMENTS

If the total containment method is chosen, no maintenance should be required. However,
the access airlock, the top and bottom dished heads, and the blower assembly will prob-
ably be removed periodically for servicing other components. Removing the top dished
head permits access to the control actuators. Removal of the top dished head allows clear-
ance sufficient to permit removal of the reactor - shield plug assembly without disturbing
the rest of the containment vessel.

The blower is removed by removing the cover plate over the blower flange. This allows
the blower to be removed along supporting rails for servicing.

Servicing the steam generator tubes is accomplished in the same manner in both the in-
dividual and total containment configurations. The lower tube sheet is removed, exposing
the steam piping; removing the piping exposes the tubes into the inlet and exit tube sheets.

Blower servicing on the individual containment vessel requires the removal of the outer
dished head which exposes the bolting flanges tying the blower to the pressure vessel. Again,
the assembly is removed by sliding the blower assembly out on rails.

If the individual containment method is used, it will be necessary to remove the outer
doughnut shield around the shield plug to service the actuators. This exposes the bolting
flange of the actuator containment vessel. When this is unbolted and water and electrical
lines broken, the actuator containment tank may be removed. To service the actuator
motors, access is obtained by unbolting and removing the containment tank head.

5.7.6 SPARES

The only spare requirements for the containment vessels are carbon seals for the ro-
tating blower shaft.

5.7.7 CONTAINMENT VENTILATION

The containment ventilation system, shown schematically in Figure 5. 13, maintains a
flow of air over the shield tank and other equipment within the containment compartment.
The system draws fresh air from the ship's ventilation system. It is sized to provide be-
tween 5 and 10 air changes per hour, and will maintain a slight negative pressure in the
compartment.
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Air is drawn through the compartment by a fan in the discharge duct. Fast-acting shut-
off valves incorporated in both the inlet and exit ducts close in the event of any type of fail-
ure which might contaminate the air. The exit duct also contains a filter and flow-control
damper. The filter is sized to remove 99.97 percent of all particles of 0. 3 microns and
larger. The fan operates at constant speed; the quantity of makeup air drawn into the com-
partment is regulated by the damper valve. The valve acts to maintain a constant fan dis-
charge temperature, being fully open if the temperature exceeds the desired limit and
closed to its minimum area if the temperature is below the minimum limit. The minimum
area provides 5 air changes per hour.

A fan within the compartment operates continuously at constant flow, circulating air
over the various components.

The output of a radioactivity monitor located in the exit duct is indicated on a meter; a
signal indicating an excessive level of activity provides a warning and causes the shutoff
valve in the inlet and exit ducts to close. The pressure level in the compartment is also
measured; a signal of excessive pressure provides both an indication and the automatic
shutoff of the inlet and exit lines.

Maintenance and Spares

Very little maintenance will be required and filter elements are the only spare parts
planned.

Status

A preliminary definition of the system has been completed and preliminary component
specifications have been established.

5.8 PRIMARY COOLANT SYSTEM

5.8.1 MAIN BLOWER SYSTEM

Description

The main blower system circulates air through the primary loop to transfer heat from
the reactor to the steam generator. It consists of an axial-flow blower with an integral
shutoff valve, the steam turbine drive, and a lubrication system. Shown in Figure 5.14,
the blower itself is assembled as a part of the main pressure vessel, but the lubrication
system and the steam turbine drive are located outside of the containment compartment.

The flow of air through the blower is described in section 2. 1. When the auxiliary blow-
er is operating, reverse flow through the main blower is prevented by valves that close
the outer annulus. The valves, shown in Figure 5. 14, are actuated by pneumatic pistons
whose control valve is located outside the pressure vessel. Other valve configurations,
including types actuated by the airflow, will be investigated before a final selection is
made.

A combination of carbon and labyrinth seals has been assumed for the blower shaft. Dur-
ing normal operation, primary loop air is prevented from leaking out around the shaft by
providing outside air to the cavity between the innermost two seals at a pressure at least
1 psi greater than the primary loop pressure. This pressure drop is held constant over the
full range of variations of primary loop pressure. Excess air in the loop is bled out through
the waste handling system to be described in section 5.9. 1.

The blower will be designed to operate over a range of inlet pressures from 14. 7 to 900
psia; normal operation will be between 300 and 400 psia. The blower will be capable of oper-
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ating for short periods of time at the higher pressures and will be rated to deliver 15 pounds
of air per second at inlet conditions of 14. 7 psia and 520 0 F.

A band of armor plate surrounding the rotating disc and blades will protect the blower
pressure shell from blade failure.

A separate lubrication system is provided for the blower while the steam turbine drive
receives its lubrication from the ship's system. The blower shaft bearings and lubrication
system are located on the ambient pressure side of the shaft seals.

The steam turbine has a variable speed control for regulating blower speed as a function
of main propulsion power demanded.

Instrumentation will be provided in the blower system to measure its pressure rise, inlet
and exit temperatures, inlet static pressure, inlet total pressure, speed, and oil exit tem-
perature and inlet pressure. Warnings of low pressure rise, low oil inlet pressure, and high
oil exit temperature will be provided. The signal indicating low pressure rise across the
blower will cause reactor scram.

Maintenance and Handling

The blower's steam turbine drive and lubrication system will be accessible for manual
maintenance. To replace the blower, the turbine and outer containment shell must first
be removed. The blower can then be removed by removing the bolts that fasten it to the
pressure vessel and manually withdrawing it on tracks that are provided. Induced activ-
ity will not be high enough to prevent manual maintenance. Any other activity may be re-
moved by decontamination. The spares planned for this system include a blower (which
also serves as a spare for the auxiliary blower system), bearings and seals for both the
turbine and blower, and maintenance parts for the lubrication system.

Status

Preliminary component requirements have been established. Preliminary configuration
drawings of the blower have been made. These are of the general arrangement type and
the sizing of all components is determined by the required rotor and air passage sizes.
Preliminary selection of types of blower shaft seals has been made for the purpose of es-
timating the amount of leakage to be expected.

5.8.2 AUXILIARY BLOWER SYSTEM

Description

The auxiliary blower system circulates air through the primary loop when the main
blower is not operating. It serves three primary purposes: (1) It first provides airflow
during startup. This is required because the main blower turbine drive is powered by
steam generated in the boiler. (2) It provides airflow for afterheat removal after reactor
shutdown. (3) It provides for partial power operation if the main blower becomes inoper-
ative.

The system consists of a blower which is identical to the main blower, a gearbox, eddy-
current coupling, an electric drive motor, and a lubrication system. The auxiliary blower
is driven by an induction motor through an eddy-current coupling and a gearbox with a 7. 5
to 1 fan speed to motor speed ratio. The eddy-current coupling maintains a constant torque
on the drive motor by varying the speed of the fan as the load changes. This makes opera-
tion possible over the full range of primary loop pressures from 14. 7 to 900 psia. The
eddy-current control is incorporated into the reactor safety system so that, if the main
blower fails, the coupling is automatically energized to provide a continuous air supply.
During normal operation, the motor operates continuously but the coupling is de-energized.
The coupling is cooled by the component cooling system described in section 5. 10.2.
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Electrical power for the motor and coupling is normally supplied by the steam-turbine-
driven generator. A standby diesel-driven generator supplies the power when no steam
is available. The standby system diesel is assumed to operate continuously to pick up the
load in case the main blower system should fail. Additional study will be made of this
point because a significant delay in obtaining standby power would necessitate the use of
batteries to span the delay period.

Instrumentation will be provided for the same parameters monitored in the main blower
system, in addition to the same warning and scram signal systems.

Maintenance and Handling

The components other than the blower will be readily accessible for manual maintenance.
The blower will be handled and maintained in the same manner as the main blower, des-
cribed in section 5.8. 1.

Spare parts planned include seals, bearings, and control components, in addition to the
spare blower provided for both the main and the auxiliary blower systems.

Status

The status of the auxiliary blower is the same as the status of the main blower (see sec-
tion 5.8. 1). Preliminary component specifications have been prepared for the compon-
ents.

5.8.3 AIR SUPPLY SYSTEM

Description

The air supply system shown schematically in Figure 5. 15 supplies air for initial pres-
surization of the pressure vessel, for cocking the safety actuators, and for pressurizing
the blower seals. The system consists of a two-stage reciprocating compressor with in-
tercooler and aftercooler, an electric motor drive, a receiver tank, an automatic mois-
ture trap, and a pressure regulating valve controlling the seal differential pressure. Dur-
ing startup of the steam supply system, the compressor motor will be supplied with power
from the standby generating system. After startup has been accomplished, the load will be
picked up by the auxiliary power supply. An indication of aftercooler discharge pressure
and a low-pressure warning will be provided.

Maintenance and Spares

Maintenance can be performed manually. Spare compressor parts are planned.

Status

A preliminary definition of the system has been made and preliminary component speci-
fications have been established. None of the components as defined require development.

5.9 WASTE AIR HANDLING SYSTEM

5.9.1 AIR

Description

The waste air handling system, shown schematically in Figure 5.16, will be designed
to cool, filter, sense moisture content, monitor radiation level, and either store or dump
overboard any air released from the primary loop. During normal operation, a small
quantity (0.2 scfm) of air enters the primary loop through the blower shaft seals. A like
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amount is bled from the loop through the waste air handling system to maintain equilib-
rium.

The system is designed to allow continuous release of 0.2 scfm of air from the primary
loop to the atmosphere while at sea. This air is diluted with a minimum of 1500 scfm of
fresh air in the exhaust before dumping overboard. Holdup tanks with a capacity for about
8 days of leakage are provided for in-port operation. The tanks may also be used at sea
if required. The waste air handling system is also used for bleed-down of the primary
loop and as a drain for any moisture that may collect in the primary air loop. The mois-
ture is collected in a trap and periodically drained to the waste water storage tank.

Calculations of effluent activity caused by fuel cladding breaks were made on the basis
of operating the reactor continuously at 65 megawatts for 10, 000 hours. Holes were as-
sumed to develop in the fuel cladding during the course of this operation with a total loss
of 6 square inches of cladding. One hundred percent of the noble gases, 50 percent of the
halogens, 50 percent of the volatile solids, and 1 percent of all other solids in this unclad
area are assumed to be released to the air in the primary loop. Based on these release
rates, the 0.2-scfm bleed rate, and the 1500-scfm dilution, an absolute filter and a char-
coal filter were sized to reduce the activity of bone seekers and halogens in the exhaust
duct to less than 10 times MPC (Maximum Permissible Concentrations as defined in Na-
tional Bureau of Standards Handbook 69). Using a conservative atmospheric diffusion fac-
tor (10-3) under the least favorable conditions, the maximum concentration of bone seekers
and halogens to which anyone would be exposed would be less than 10-2 times MPC. Using
the same diffusion factor, the maximum concentration of noble gases to which anyone would
be exposed would be 2 x 10-1 times MPC. Thus, the bleed rate could be increased by a
factor of five without exceeding MPC. Further, the dilution air can be increased from 1500
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scfm to 3000 scfm. This increased bleed capability can be used to clean up the air while
at sea in order to reduce the inventory of fission products in the air loop while in port.

Maintenance and Spares

Spare filter elements are planned. All parts of the system can be maintained manually,
except possibly the filters, heat exchanger, and the valve ahead of the filter.

Status

The preliminary requirements for both the system and the components have been es-
tablished. The system has been defined schematically.

5.9.2 WASTE WATER HANDLING SYSTEM

Description

The waste water handling system, shown schematically in Figure 5. 17, provides for
draining water from the primary loop in the event of a boiler leak. Water first is drained
into a small high-pressure tank where the level is sensed by a float-type sensor. The
level-measuring system controls a drain valve which prevents the level in the tank from
exceeding an established maximum and which also provides a warning signal. The drain
valve is mounted directly on a storage tank which is partially filled with cold water. Water
drained through the valve is discharged directly into the water in the tank. The capacity
of the tank is sufficient to handle a leak of 10 pounds per second for 5 minutes.

Maintenance and Spares

Very little maintenance is anticipated since the system operates only as a result of a
major tube break in the boiler. No spares are planned.

Status

Preliminary component requirements have been established. The system has been de-
fined schematically.
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5.10 AUXILIARY COOLING SYSTEM

5.10.1 MODERATOR WATER COOLING

Description

The moderator water cooling arrangement shown schematically in Figure 5. 18 consists
of a heat exchanger for transferring heat from the moderator water to the main propulsion
system condensate, two electric-motor-driven centrifugal pumps arranged in parallel for
circulating the moderator water, and a hydrogen-pressured expansion tank in the moder-
ator loop. The hydrogen pressurization consists of a supply tank and a regulating valve
that maintains the moderator water pressure at 40 psia, thus providing a satisfactory
margin with respect to the boiling point. In addition, the hydrogen combines with the oxy-
gen to form water, thus maintaining a low oxygen concentration and preventing the for-
mation of nitric acid.
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Fig. 5.18-630A moderator water cooling system

Indications of moderator flow rate, inlet pressure, and inlet and exit temperatures are
provided. Warnings are provided for low flow, high and low inlet pressure, and high exit
temperature. Reactor scram is provided for low-flow, high-pressure, and high-tempera-
ture conditions.

Maintenance and Spares

All components will be designed for a minimum of 15, 000 hours of operation between
replacement or overhaul. All components external to the front shield plug may be handled
manually. A spare pump and motor are planned.

Status

The system has been defined schematically and preliminary component specifications
have been established.

5.10.2 COMPONENTS COOLING SYSTEM

Description

The heat generated in the auxiliary components is removed as shown schematically in
Figure 5. 19. The system handles the excess heat from the side shield water, the after-
cooling blower eddy-current coupling, the blower's lubrication oil, bleed air, and the air
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compressor intercooler and aftercooler. This is accomplished by first transferring the
heat from each system through its own heat exchanger to an intermediate fresh-water
cooling loop and then transferring the total heat through a heat exchanger to sea water.
This intermediate loop is provided to prevent a single leak from contaminating all the sys-
tems with sea water. The conductivity of the intermediate-loop water is monitored to de-
tect leakage of sea water into it.

The flow of sea water through the heat exchanger will be held constant. Water pressure
in the intermediate loop will be held at a constant value in the heat exchanger inlet header.
The flow of this water through the eddy-current coupling and shield-water heat exchangers
will be set manually at the maximum predicted flow rates required, while flow through the
oil coolers will be regulated automatically to provide desired oil temperature.

Maintenance and Spares

Maintenance can be done manually. The only spare parts planned are packing materials
and rotating parts for the pumps.

Status

This system has been defined schematically and preliminary component specifications
have been established. None of the components defined requires development.





6. SAFETY CONSIDERATIONS

This section presents the various safety characteristics of the 630A, a preliminary evalu-
ation of the effects of failures of specific components and a very preliminary estimation of
the consequences of a reactor accident. With proper design, fundamental, physical limi-
tations on the probability or consequences of an accident or a sequence of failures can be
provided. In addition, electrical circuitry is provided in the design to further reduce the

possibility of operations proceeding at an uncontrolled rate and to maintain the proper
sequence of operating steps. For purposes of analysis, however, the components of the
nuclear steam generator are assumed to fail; this section is an evaluation of the syste -
matic physical processes which would then occur.

In general, the accidents resulting from component or operator failure fall into three
categories: (1) water being introduced into the primary loop, (2) control rods withdrawing
without restraint, and (3) the loss of cooling to remove reactor afterheat. Several levels
of safety are provided to reduce the consequences of such failures. The first level of safety
imposed is in the basic design of the components, i. e., they are made to be reliable and
operable either as a result of extensive testing or redundant installations. Thus, the first
criterion for an accident is that a malfunction must occur before the accident can happen.
The second safety level is the electrical safety system which provides information either
to the operator or to the automatic safety circuitry. In general, the 630A design philosophy
has been to provide automatic safety action against those failures or maloperations that
could lead to a destructive accident. Those offnormal operations which, if continued, would
ultimately be dangerous are merely displayed to the operator with appropriate aural or vis-
ible indication. The mechanical devices that provide relief or improve an unsafe condition
comprise the third safety layer. The fourth level is imposed by the maximum operating
capabilities of the components, limitations such as pump pressure, melting points, steam-
water characteristics, conductivities, etc. An example of this is the self-limiting character-
istic of the fuel element. Self-limiting, in this context, refers to the characteristics of the
fuel elements to slump at excessive power levels for the amount of coolant supplied. The
slump occurs first in the center of the reactor, thus separating the core into two regions
and creating a condition of increased neutron self-shielding in the element. This, in turn,
results in a subcritical condition in the core. This occurs at a relatively low power level
in the 630A reactor because the heat capacity of the fuel elements is low. In other words,
if an overpower condition exists, the fuel melts before sufficient power is produced to cause
a breach in the shielded pressure vessel.

The 630A shielding will be designed to reduce radiation during normal continuous opera-
tion to levels below the accepted levels for continuous occupational exposure. With one
minor exception (the controlled exhaust from the assembly), the activity of the fluids enter-
ing and leaving the reactor will present no radiation problem. The activity level 1 yard
from the lower superheater plenum discharge is only 10-5 mr/hr when the reactor is oper-
ating at full power. This level is considerably below the normal background. The dose rate
1 yard from the moderator discharge pipe has been calculated to be approximately 0. 2
mr/hr. This is approximately one-tenth of the continuous occupational exposure rate ac-
cepted throughout the industry. The activities of the moderator and steam were calculated
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for pure water. Contaminants in the water may raise the level slightly, but preliminary
calculations indicate that the contamination levels necessary to significantly affect the dose
rates are many times the operating limits of acceptable water purity.

The only source of activity that should be monitored is the controlled exhaust from the
assembly, which is necessary because of seal pressurization and leakage into the assembly.
Because this exhaust will contain approximately 1 x 10-3 millicuries of A 41 per cc, it will
be discharged with 1500 scfm of air or routed to the holdup tanks to decay until the concen-
tration of A4 1 is less than the maximum permissible concentration described in Handbook
69, National Bureau of Standards. If fission fragment activity is detected in the primary
air it will be filtered and then exhausted to the holdup tanks to decay before being discharged
if the activity level is excessive after mixing with the 1500 scfm of clean air. The exhaust
line and holdup tanks will be located and shielded to present no hazard to the operating crew.

It is readily apparent that flooding of the primary-air compartment would be of primary
concern in a marine application of a gas-cooled reactor. The reactor controls will be de-
signed, therefore, with the capability of maintaining the reactor in a subcritical condition
under all degrees, fractions, or distributions of flooding of the primary vessel.

Both the probabilities and the effects of a collision are discussed briefly. In the time avail-
able for this study, however, it was not possible to achieve a significant improvement in
the very comprehensive summary of the collision problem as presented in Volume 7 of the
Safeguards Report for the N. S. Savannah. Nevertheless, in the event of a collision there
is less likelihood of a nuclear hazard being created in the 630A-powered vessel than in the
Savannah. This is attributed to the small size of the unit, its inherent aftercooling charac-
teristics, and the mass of material surrounding the primary air loop.

6.1 PROPULSION TURBINE FAILURE

For the purposes of this discussion, failure of the propulsion turbine is defined as the
inability of the turbine to extract energy from the incoming steam. This could be caused
by a bearing seizure or a thrown bucket that could result in a dynamic imbalance, which
could produce a failure or leakage in the turbine casing. The bucket loss, per se, should
not reasonably be expected to cause any damage to the reactor proper.

If this turbine failure should occur, the reactor could be scrammed. Afterheat would be
removed by the aftercooling blower which would be powered by the emergency generator.
It is even possible that, instead of being scrammed, the reactor power could be reduced
and the blower drive turbine isolated. Reactor power could then be maintained at a level
sufficient to provide electrical power and to maintain the normal hotel load for the ship.

If the drive turbine is unable to extract energy from the steam system but the casing re-
mains intact, no heat energy is converted to rotational energy in the turbine and the steam
being extracted from various stages of the high-pressure turbine to the regenerative heaters
will be at a higher enthalpy level. This, in turn, will result in the addition of more heat to
the feedwater. Adding more heat to the feedwater could raise the temperature of the inlet
water above the saturation level. Cavitation of the pump could occur at this point, and feed-
water flow would be decreased, resulting in a higher heat-exchanger discharge temperature
and reduced blower efficiency and mass flow. If the reactor power is not adjusted, the re-
duced mass flow will be indicated by a higher reactor exit-air temperature which will cause
the reactor to scram if no prior action had been taken. Thus, it can be seen that the loss
of flow under these conditions does not require split-second reaction to the event as far as
reactor safety is concerned. However, the other effects on the system, such as loss of pro-
pulsion, escape of steam into the turbine compartment, etc., would require that conven-
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tional emergency measures be taken. An obvious reaction to an accident such as this would
be to immediately reduce reactor power to 10 percent, put the electrically driven boiler
feedpump into operation, and isolate the steam from the propulsion turbine.

6.2 LOSS OF STEAMFLOW

If an open line, a failure of the pump, or a failure of the turbine driving the pump causes
loss of steam circulation, the power plant must be shut down. When a steam loss occurs,
the primary blower will slow down, causing the reactor to scram and the aftercooling blower
to begin operation automatically. The afterheat of the reactor will be absorbed in the re-
actor structure, the boiler, moderator, and the pressure vessel. The temperature rise of
the boiler as a function of time after shutdown is illustrated in Figure 6. 1. The curves are
based on the pessimistic assumption that all the afterheat from the reactor is transferred
to the boiler. It can be seen that the boiler experiences no large or sudden temperature
changes. Figure 6.1 illustrates that 3 to 5 minutes, or even longer, can be permitted to
elapse before the temperature increase becomes significant. By this time, the reactor
afterheat has decayed sufficiently that it can be dissipated to the moderator water.

The effect of the loss of secondary coolant caused by a break or fracture in a boiler tube
is discussed in section 6. 3 below. The peripheral effects of the loss of steamflow will be
the dropout of the propulsion turbines, auxiliary turbine generator, and the blower turbine.
Under these conditions, however, the emergency diesel generator will pick up and maintain
power on all necessary components.
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6.3 BOILER TUBE BREACHES

A ruptured boiler tube at any point between the economizer inlet and the superheater exit
would permit water and steam to enter the primary loop. Regardless of the location of the
rupture, water would enter from one side and steam from the other about 1 second after
the breach occurs. If one tube is assumed to be completely ruptured, the initial leakage
rates will be about 1.7 pounds of steam and 10 pounds of water per second. The pressure
in the primary air loop would increase after the first several seconds; however, the safety
system includes reactor scram and pressure relief of the primary loop if overpressurization
occurs.

Postulating that neither reactor shutdown nor pressure relief occur, estimates were made
of the primary loop pressure and the quantity of moisture passing from the boiler through
the rupture to the primary loop during normal operation. Regardless of the rupture location,
an equilibrium pressure of about 900 psi would be reached in about .35 seconds; after this
time, little additional water or steam leakage would occur. Figure 6. 2 shows primary loop
pressures and moisture content as a function of the time after the rupture of one boiler
tube. The primary loop air contains about 250 pounds of moisture after 35 seconds. The
reactivity increase (0.5%) is easily handled by the control system.

0

z
W

z
0
U
w
at
D-
0

PRESSUR E

300

MOSTUR E

200

100

5 10 15 20 25 30

950

850

750
w

650 0-
a-
0
0
-J

550

at

450

350
5

TIME, seconds

Fig. 6.2-Primary loop pressure and water content as a function of time after
the rupture of one boiler tube

In this type of accident, it may be necessary to shut the reactor down before an equilib-
rium pressure between the steam and air loops is reached, because air would enter the
steam loop at equilibrium and disrupt the steam cycle. The probable sequence of events
would be to scram the reactor and open the throttle valve to reduce rapidly the pressure
level in the steam loop. Aftercooling should be continued for 10 to 15 minutes and then
shut down for repair of the boiler. Another approach would be to valve off the faulty quad-
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rant of the boiler, drain it into holdup tanks, and continue operations at a reduced power
level.

Although the specific procedure to be followed requires additional study, the investiga-
tions to date show that this type of failure would not create a hazardous situation.

6.4 AUXILIARY TURBINE-GENERATOR FAILURE

If a failure occurs in the auxiliary turbine-generator, the generator will drop off the
line and the emergency diesel generator will be accelerated to provide power on the
emergency bus. The reactor will probably scram during this power transfer, and would
then have to be restarted by the normal startup procedures. No other effects are foreseen
as a result of a failure of the turbine-generator.

6.5 PRIMARY BLOWER FAILURE

6.5.1 BLOWER TURBINE SHAFT SEIZURE

If the shaft of the primary blower seizes, the reactor will scram because of the low
pressure differential across the blower. The aftercooling blower will cut in automatically
and continue to dissipate the afterheat in the heat exchanger. The fuel element plate tem-
peratures will rise slightly when the seizure occurs and then drop immediately upon scram
and the start of aftercooling blower operation. If desired, the aftercooling blower can
maintain about one-third of the normal shaft power in the event of failure of the primary
blower.

6.5.2 THROTTLE CLOSURE

An inadvertent full closure of the blower turbine throttle will produce conditions essen-
tially identical to those described in section 6. 5. 1 with one variation. Under throttle clos-
ure conditions, the primary blower and turbine will continue to rotate due to inertia. This
effect would produce the same sequence of events described in section 6. 5. 1 but on a
somewhat expanded time scale; i.e., fuel element plate temperatures will change more
slowly, steam temperature will change more slowly, etc.

6.5.3 BLOWER TURBINE OVERSPEED

Failure of the desuperheat control, which would mean the turbine is being fed off the
primary line, or failure of a speed governor would result in blower turbine overspeed. If
the system is at the normal operating pressure of 400 psi, the overspeed will produce a
scram signal to shut down the reactor, or the turbine will reach a maximum speed. The
maximum speed is determined by such physical limitations of the system as the design of
the turbine nozzle, maximum pressure available from the boiler feedpump, and inherent
line loss, which increases as the waterflow increases. Although definitive information on
the stall margin of the compressor is not yet available, very rough calculations indicate
that the stall speed will be considerably higher than the maximum achievable turbine
speed. The maximum consequence, therefore, would be to overspeed the turbine to the
point of failure thus creating conditions similar to those described in section 6. 5. 1.

6.5.4 BLOWER BLADE LOSS

In the event a blower blade is thrown, and the airflow stops, the power plant would be
scrammed due to loss of a pressure signal across the blower. Aftercooling would be ac-
complished with the auxiliary blower.
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The fragments of the broken blades would be contained within the blower system be-
cause the casings of the primary and aftercooling blowers will be designed to withstand
the impact by a thrown blade at full speed. However, calculations show that a piece of
fan blade weighing 6 pounds or less could be supported by the aerodynamic forces in the
system if the flow were to remain at full-power conditions and smaller fragments in the
event the flow was reduced to the aftercooling quantity. Although small particles from the
fractured blades could rise to the reactor inlet plenum and pass through the nest of mod-
erator tubes and control rod guide tubes, they could not enter the active core because
they would be held up by the dead stage ahead of the fueled section of the cartridge. A gap
between the dead stage and the fueled stages provides a plenum to allow remixing and the
re-establishment of a fairly flat flow profile over the fuel element.

If the blade fragments should penetrate the pressure vessel, and shield water should
reach the active core, the reactor would not be made critical because the water is bor-
ated. This would hold true even though the reactor was not scrammed.

6.6 MODERATOR SYSTEM FAILURE

Moderator waterflow could be lost by the failure of two pumps or closing a valve. Loss
of flow would call for reactor scram and aftercooling by the aftercooling blower. While
most of the afterheat would be carried to the boiler a portion will be deposited in the mod-
erator circuit. If the flow stoppage continues, this heat will cause the pressure to rise
above the normal operating pressure in approximately 100 seconds after shutdown. As the
pressure continues to rise, the moderator circuit will relieve at approximately 55 psia
and will continue to relieve at a decreasing rate until natural convection in the moderator
loop is sufficient to dissipate the heat.

If only one moderator pump fails and the other remains operating, the moderator tem-
peratures will not rise following reactor shutdown. After reactor shutdown, the modera-
tor flow pump or pumps will be powered by the emergency diesel generator.

If a leak should develop in the feedwater heat exchanger the pressure in the moderator
circuit would only increase to about 65 psi.

6.6.1 REACTOR VESSEL OR SHIELD PLUG FAILURE

If a structural failure should occur in the reactor or shield plug, the first action to take
place would be displacement of water by the primary air as it expands into the moderator
circuit. A pressure-relief valve in the moderator circuit, vented to the containment ves-
sel, would limit the pressure in the moderator system to 55 psia, and reactor scram and
shutdown would occur from an excessive moderator pressure signal.

Calculations were made to predict the equilibrium conditions of pressure and tempera-
ture within the moderator circuit and primary loop if the pressure relief valve failed to
function. The assumptions made for this case were that reactor scram had occurred, the
water leakage rate to the primary loop was 1. 5 pounds per second, and no feedwater was
flowing through the boiler. Therefore, all heat contained in the system - in the primary
air, the steam generator, and the active core - as well as all afterheat, were added to
the 7500 pounds of moderator water in the reactor and shield plug. Under these conditions,
the equilibrium pressure is 490 psia, the temperature is 400 0F, and 200 pounds of the
water are evaporated to saturated steam. This condition, assuming that no water is drained
from the primary loop, would be reached in about 1. 5 hours.

Assuming a slower leakage rate (1100 pounds in 1. 5 hours) so that saturated steam
would be formed from all water entering the primary loop, the final temperature and pres-
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sure are 5500 F and 1290 psia, respectively, at 1. 5 hours after reactor scram. Many re-
pairs are possible before these high pressures are reached, such as repair of the relief
valve or restarting the feedwater flow.

6.7 REACTOR INSTRUMENTATION AND COMPONENT FAILURES

6.7.1 INSTRUMENTATION FAILURES

The 630A reactor instrumentation will consist of ionization and fission chambers to
measure neutron flux, thermocouples measuring discharge air temperature, and additional
pressure and temperature detectors in the various components of the primary loop. Full
details of the types and location of instrumentation are presented in Appendix A.

The failure of fission chambers or the failure of their associated circuits will not signal
any other control device because the fission chambers are connected to indicating circuits
only. The reactor is under manual control when the chambers are in use and the deter-
mination of an erroneous signal is the responsibility of the operator.

Reduced resistance of the chamber insulators, thus indicating increased ionization cham-
ber current, or increased resistance of the leads, indicating reduced ionization chamber
current, are possible failure modes of ionization chambers. The effect of increased cur-
rent would be a reduction of reactor power which would result in a decrease in throttle

pressure; this, in turn, would call for an increase in reactor power. If instituted by steam
pressure demand, however, the reactor power response is limited to a 15-percent in-
crease. If the steam pressure cannot be held by this range of power variations, the steam
system and reactor would continue to operate at reduced steam pressure.

The reduction of ion chamber current for a given power level would cause the control
system to increase reactor power. The increased power would in turn cause an increase
in steam pressure resulting in a power reduction demand. If the required power reduc-
tion does not exceed the range of the control system, operating conditions will stabilize
at a below-normal indication of reactor power. However, if the 15-percent bias is insuf-
ficient to overcome the ionization chamber error, the power will continue to rise until

the reactor is scrammed by overflux from the alternator safety chamber or the exit-air
temperature safeties.

A study was made of the case where the ionization chamber failed in a manner that de-
creased the indicated current for a given flux, the independent safety circuits failed, the
reactor exit-air temperature safety does not work, the airflow is suddenly stopped, and
the operator fails to act as a consequence of these events. In this case, the shim rods
would withdraw continuously at their maximum rate (1% Ak/k per minute). The initial re-
actor power assumed for this illustrative example is 65.4 megawatts. Operating at this
power level under normal flow conditions, the power and temperature distributions by
stage are shown in Figure 6.3. As the rods continue to withdraw at 1 percent Ak/k per
minute, fuel element temperatures will rise. Approximately 4.2 seconds after initiation
of the rod withdrawal, stage 6 will start to melt and flow downward. The reactivity re-
duction calculated for this re-arrangement is approximately 7.8 percent Ak/k. The time
assumed for purposes of calculation was 10 times the free-fall time for the molten fuel
to fall one-half the length of the reactor. The factor of 10 was used to provide a reason-
able approximation of the viscous forces tending to retard the flow of the molten fuel. Al-
lowing the sequence to proceed, peak power is reached approximately 4. 5 seconds after
initiation of the accident. The peak power reached at this time is 79. 5 megawatts, 17 per-
cent above the steady operating level, assuming that the rearrangement of fuel up to this
point has not reduced the rate of reactivity insertion. Using these assumptions, the total
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energy generated during this period is calculated to be 4.8 x 105 kilowatt-seconds. By
distributing the total energy developed among the stages according to the relative power
generation shown in Figure 6. 3, it can be determined that stages 1 and 2 experience no
melting, about 44 percent of stage 3 melts, stages 4, 5, 6, 7, and 8 are totally melted,
and about 2.3 percent of stage 9 melts.

These calculations show that this much energy cannot be put into the reactor because
the melting of a single stage shuts the reactor down. If continued iterations were made,
this would provide a fractional melt; I. e., probably less than three stages would have mel-
ted by the time the reactor excursion was over and power generation had fallen to a low
level. However, assuming the percent melt of the first iteration, unless an additional fail-
ure is postulated, all fission fragments released will remain within the primary pressure
vessel. The energy added to the primary air results in a pressure rise to only 440 psia.
The pressure vessel is designed to meet the Boiler Code specifications for a system pres-
sure of 440 psi, and is capable of containing pressures up to 950 psi. These data show
that a failure of the pressure vessel due to the pressure rise accompanying this power

excursion is highly unlikely.

Another possibility was considered in which all the above events occurred except for
the loss of cooling flow. While this has not been evaluated in detail, the pressure rise in
the assembly would be less than 300 psi by the time the reactor is shut down from fuel re-
arrangement. A rigorous analysis of this case was not within the scope of this study; fur -

ther evaluations will be performed, however.

6.7.2 CONTROL- AND SAFETY-ROD-DRIVE FAILURES

The consequences of the failure of the control rod drives and the safety rod drives are
somewhat different. Failure of the control rod drive to respond to a signal for insertion
or withdrawal would have a minimum effect on the power plant. If the control rods fail to
withdraw upon command, the reactor will either shut down or maintain its previous power
level. Further action would then be at the operator's discretion. Under normal circum-
stances, the proper response would be to shut down the power plant by means of safety
rod insertion.

L-

w

F-

w

w

F-

-J
0-

-J
w
U-



139

If the control rods will not insert in response to a command, a somewhat different se-
quence of events would result. The insertion command would normally be applied to the
rods as a result of a positive period when none is required, to stabilize the reactor at a
new power level, or as a followup to the insertion of the safety rods on receiving a scram
signal. If the control rods fail to insert following the safety rods, no serious effects would
result because the safety rods are more than adequate to shut down the power plant. If the
rods will not stabilize power after a positive period or produce a slightly negative period,
the reactor should be shut down by inserting the safety rod. Assuming that this is not done
and the period is allowed to continue without inserting the safety rods, safety action will
be demanded by the exit-air overtemperature or overflux conditions.

If the control rods failed in such a way as to produce continuous motion regardless of
command, either the power plant would shut down or the condition described in section
6.7.1, which eventually results in the melting of the fuel, would result.

If the safety rod failed in such a way that no action of any kind results from commands,
the power plant would not shut down immediately upon receipt of such a signal. However,
the followup command to the shim rod actuators with the safety rod command, will shut
the reactor down.

The regulating rod mechanism, described in section 2. 1. 2, is relatively fast acting.
However, the rods will be designed to have a maximum worth considerably less than
$1. 00; i.e., by action of the regulating rod alone, the reactor cannot be made prompt-
critical. The effects of the failure of this rod to respond to a command will be identical
to those of the control rod drive failure, as described above.

6.7.3 CONTROL LOOP COMPONENT FAILURES

The control loop, in general, will consist of components such as amplifiers, integra-
tors, phase shifting devices, etc., for controlling the reactor power level. There will
also be a set of components that will act to stabilize the reactor power level at the de-
sired setting. These components can fail by producing a nonproportional signal or by
producing no signal at all. A nonproportional signal will shift the response of the reactor
system according to the nonlinearity. If the response increases the reactor power level,
the independent overflux safety circuits, as well as the various other safety indicators,
will shut the reactor down. The components can than be repaired or replaced. If the fail-
ure consists of producing no signal, the system either will not respond at all or will re-
spond very erratically; in this case the reactor will either shut down by itself or the
safety devices will cause it to shut down.

The simultaneous failure of these components and the failure of the safety devices
could, of course, produce an accident comparable to that described in section 6. 7. 1. The
loss of electrical power would be the most likely cause of simultaneous failures of this
type. However, the loss of electrical power, per se, will cause the reactor to scram be-
cause power must be maintained in the latching circuit of the safety rods to hold the
absorber sections in the withdrawn position.

6.8 AFTERCOOLING BLOWER FAILURE

During normal operation, shutdown of the power plant causes the primary blower to
coast down. Upon receipt of a shutdown signal, the aftercooling blower starts blowing air
through the primary loop at a minimum rate of 15 pounds per second. Preliminary calcu-
lations on the amount of heat transferred to the moderator and the afterheat decay curve
indicate that the aftercooling blower must continue to deliver air at this rate for at least
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6 minutes to prevent fuel melting. After a 15-minute aftercooling period, the afterheat
generation is reduced to a level that can be transmitted by radiation and conduction to the
moderator circuit with plate temperatures well below the melting temperature. In the
case of complete loss of all electrical power in the system, preliminary calculations
indicate that the primary blower could be provided with sufficient rotational energy to
remove all of the afterheat until it can be transmitted to the moderator circuit.

In the case of a blower failure in which reactor scram is assumed to occur 1 second
after loss of airflow, the aftercooling blower fails to come on, and the main blower stops
instantaneously, stage 6 will reach melting temperature 47 seconds after shutdown and
will melt in approximately 80 seconds. Stages 5 and 7 will melt shortly thereafter. Stages
3, 4, and 8 may reach melting temperatures but will probably not melt. At the point in
this sequence when the heat transfer between the high-temperature fuel elements and the
cold moderator circuit equals the power generation rate, the fuel plate temperatures will
start to decrease at approximately the same rate as the falloff rate of power generation.

In this incident, the melting fuel elements will release some fission fragments, the
number released being a function of the number present, which is determined by the
operating history of the reactor. However, the fission fragment release in this case will
be considerably less than that described in section 6. 7. 1. After the occurrence of such
an incident, the pressure vessel will be bled down through a filter bed which will capture
the fission fragments. Because the total pressure rise will be less than 40 psi, no further
damage to the power plant could reasonably be expected to occur from the meltdown of
these fuel elements. Plating out of the molten fuel on the stainless steel core structure
will not produce melting because the structure is cooled by the moderator water. If the
molten fuel elements should flow out of the active fuel region, the material will then plate
out on the two unfueled stages immediately downstream of the fuel cartridge.

The aftercooling system is designed to deliver 15 pounds of air per second and is capa-
ble of removing the afterheat if the pressure in the system drops to atmospheric; thus,
the fuel element temperature increase, as a result of shutdown caused by depressuriza-
tion, will be insignificant. If the aftercooling blower fails to operate after a depressuri-
zation, the fuel element temperatures will undergo essentially the same sequence as
outlined above; i.e., melting will begin in stage 6 after about 80 seconds.

6.9 DEPRESSURIZATION

An abrupt depressurization of the primary loop will automatically shut down the power
plant by the action of the total-pressure indicator. The aftercooling blower will then cir-
culate air at a rate sufficient to keep the fuel element temperatures within allowable
temperature limits. If the depressurization occurs as a result of the failure of an isola-
tion device between the primary loop and the reactor compartment or containment com-
partment, the immediate effect will be to expel air from the primary loop. The equilib-
rium concentration of this air will be approximately 120 curies of A4 1 ; the leakage will
carry with it a corresponding fraction of the A4 1 activity. It has been calculated that a
person standing for an infinite period of time in the center of a 25-foot-diameter volume
into which the entire A4 1 content of the primary loop is discharged would receive a total
external body dose of 3. 25 r. This limit is established by the decay rate of the A41 ac-
tivity. The dose will vary if a significant number of fission fragments are present in the
primary air loop. In this case, the dose caused by longer-lived fission products will
dominate, but should still be less than the dose estimated to be released from the con-
tainment vessel on the second or third day, as shown in section 6. 11. An undesirably
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high, but not serious, dose would be recieved by personnel immediately surrounding the
leak. The magnitude of the dose will depend on the inventory of fission products in the
air loop; a detailed evaluation for this case was beyond the scope of this study.

6.10 SHIPBOARD EFFECTS

Normal motions of the ship will have no effect on the performance of the 630A power
plant because the operation of the reactor is independent of its attitude. The moderator
circuit is completely filled with water and will not be affected by changes in the orienta-
tion of the reactor. All components are designed to operate at as much as 90 degrees
from the vertical. The heat exchanger will operate under all roll or permanent list con-

ditions up to 30 degrees. Rolls or lists in excess of this will produce only small changes
in operation of the boiler. Heaving and yawing should have no effect on the operation of
the boiler, the reactor, or its components. Essentially, therefore, the steam supply
system is independent of the attitude of the ship.

All components in the steam supply system are designed to withstand a 1-G impulse
load, vertically or laterally. Existing data and personal accounts of the effects of
grounding and collision indicate that the shock loads under these conditions are some-
what less than 1 G. Grounding, therefore, or collision away from the reactor compart-
ment, will have little effect on the ability of the steam supply system to operate. However,

collision occurring in or near the reactor compartment could result in highly directional
loads. If applied to a component such as the turbine, a slight bending of the shaft could
result, rendering the system inoperable.

Because of its compactness and mass surrounding the primary loop, the 630A nuclear
steam generator is less likely to be affected by a collision than larger, more divided
nuclear steam generators. Furthermore, the very low level of contained activity in the
secondary loop of this system would result in the release of very little radioactivity in
the event of ruptured steam lines, and that which would be released would have an ex-
tremely short half-life.

6.11 BIOLOGICAL DOSE AFTER REACTOR ACCIDENT

At this early stage in the design of the power plant and its auxiliary systems, several
assumptions must be made to estimate the significant off-ship radiological hazards re-
sulting from a major reactor accident. In preliminary hazards analyses of this type

where specific information is lacking, it is customary to make pessimistic assumptions.
The net result of compounding these conservative assumptions is that the radiological
hazards are probably overestimated by a large factor.

The following are the principal assumptions on which the accident hazards calculations
were based.

1. Operating History
The fission product inventory in the reactor is that produced by continuous opera-
tion at 65 megawatts for a period of 10, 000 hours (417 days). While it is obviously

pessimistic to assume continuous full-power operation of the reactor for so long a
period of time, the actual errors introduced are not significant.

2. Core Melting and Fission Product Release
Fuel melting experiments conducted during the aircraft nuclear propulsion program
indicate that it is reasonable to assume that 50 percent of the fuel in the core melts
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during the course of an accident, and that 100 percent of the noble gases, 50 percent
of the halogens, 50 percent of the volatile solids, and 1 percent of all other solids

are released from the molten fuel.

3. Plateout of Fission Products

Within the pressure and containment vessels, 50 percent of the halogens, 70 per-

cent of all solids, and none of the noble gases are plated out on cool surfaces. The
remaining fission products are subject to leakage from the containment vessel dur-

ing the effective leakage period. This assumption is believed to be conservative by

a significant factor, particularly because no other plateout or removal by air clean-

ing devices is assumed.
4. Leakage from the Containment Vessel

The maximum rate of leakage from the containment vessel during the first day was

assumed to be 1 percent of the available (airborne) fission products in the contain-
ment vessel. Because the leakage from the containment vessel is a function of the
pressure differential, it was conservatively assumed that the leakage rate decreases
linearly to zero in 10 days.

5. Height of Release

Calculations were made for two release heights - 1. 5 meters (essentially water
level) and 20 meters.

6. Meteorological Conditions
To define the band of most probable atmospheric diffusion conditions, dose calcu-
lations were made for a typical strong lapse (unstable) condition with a wind speed
of 7 meters per second (15. 65 mph) and a typical strong inversion (stable) condition

with a wind speed of 1 meter per second (2. 24 mph). The Sutton atmospheric diffu-

sion equation was the basic equation used in the calculation of dose. It was modified
to include the appropriate source and biological terms. The diffusion coefficients
and stability parameters used in this study are presented in Table 6. 1.

TABLE 6. 1

DIFFUSION COEFFICIENTS AND STABILITY PARAMETERS

Cz = Cy

Condition n 1. 5-Meter Release 20-Meter Release

Strong lapse 0. 20 0. 36 0. 26

Strong inversion 0. 50 0. 044 0. 036

The gross wind direction and stability condition were assumed to remain constant
throughout the course of the release, but because the release occurs over a long period
of time, it was assumed that minor variations in wind direction result in uniform emis-
sion into a 22. 5-degree sector. These assumptions appear to be conservative by a signi-
ficant factor since it is not expected that the gross wind direction would stay constant
for a full day, particularly with the diurnal land-sea breeze typical of a coastal area,
and it is certainly pessimistic to assume a constant wind direction for the full-10-day
release period. It is also pessimistic to assume that the strong inversion condition
exists over the full release interval; a more reasonable assumption would be one-third
of that time. The wind speed of 1 meter per second used for the inversion calculations
is typical of the nocturnal radiation inversion over land, but it is possible that wind
speeds may be significantly higher in the case of the advection inversion over water.
This would result in greater atmospheric diffusion, thus lowering the dose.
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Extensive experience with the correlation of calculated and measured atmospheric
diffusion at the Idaho Test Station* indicates that, on the average, the Sutton equation,
with the stated diffusion parameters, will usually underestimate the diffusion (over-
estimate the dose) by a considerable factor within the range of distances of interest in
this study.

In the calculations of release from the 1. 5-meter level, the initial dilution created
by the turbulence of the wind passing over the ship's hull and superstructure was taken
into account by assuming that the effective wake cross section is about one-half of the
vertical hull cross section (estimated to be 102 feet wide by about 17 feet high for the
T-7 tanker at full load). The radius of a semicircle of equivalent area centered at the
1. 5-meter level was assumed to represent 1-1/2 standard deviations of the cloud width
and virtual source points were assumed for the two different diffusion conditions. These
points are 100 meters and 50 meters upwind for the inversion and the lapse, respectively.

Calculated Dose

The calculated doses to the thyroid, lungs, and bone caused by inhalation, and to the
whole body caused by immersion in the passing cloud are presented as a function of dis-
tance downwind from the ship in Figures 6. 4 through 6. 11. Curves are drawn for the
exposure during the first day and for the entire effective leakage period. In all cases,
the receptor of the dosage is assumed to remain in a fixed, unprotected position rela-
tive to the ship at water level for the entire exposure period.

In addition to the foregoing conditions, other factors, which are functions of the loca-
tion of the ship at the time the accident occurs, should be considered. Probably the most
significant such situation would be the occurrence of the postulated accident in the port
area of a large, densely populated city. It is highly unlikely that a low-level aerosol
plume could flow for several miles through the heart of a modern industrial city with the
minimum diffusion associated with a strong inversion. The heat generated by such a city
would tend to prevent formation of a strong inversion and the turbulence created by wind
passage around buildings would divide and disperse the cloud in a much more rapid
fashion than the calculations indicate. Cities with the greatest population densities tend
to be those that are restricted from horizontal expansion by natural barriers such as
mountains or water. These same topographic features would also serve to disrupt a
strong local inversion.

If agricultural lands are nearby, the thyroid dosage from the milk-ingestion cycle
would probably be the limiting dosage. Although no calculations of the thyroid dose from
milk ingestion have been performed for this specific nuclear system, it is estimated that
it could be as high as 100 to 300 times the inhalation thyroid dose, depending on the dif-
fusion conditions for an infinite exposure time. It is evident that control over the consump-
tion of milk from the affected area would be necessary for a period of time after the

accident.

The data presented here evaluate only the effects of stack or release height, two ex-
treme weather conditions, and fission product decay. Further studies would be initiated
on the effects of other weather conditions such as rainout and wind variations. Dose rates
at separation distances less than 100 meters will also be determined when specific instal-
lation data are available.

*L. D. VanVleck, J. H. Lofthouse, and R. B. O'Brien, "Comparison of Predicted and Measured Effluent Behavior and
Summary of ACT Dose Calculations," GE-ANPD, XDC 60-11-711, November 16, 1960.
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7. RECOMMENDED DEVELOPMENT PROGRAM

7.1 CRITICAL EXPERIMENT PROGRAM

In the design of a high-performance reactor, basic nuclear data and available economi-

cal computational methods do not provide the required level of confidence or accuracy
for final specifications. However, by the continued iteration of analytical approaches plus
experimental data, the design requirements as far as power distributions and tempera-
ture rises are concerned can be determined with a high degree of confidence. This tech-
nique has been used on high-performance reactor systems throughout the country, parti-
cularly in the aircraft reactor program.

A critical experiment will be initiated early in the design phase of the 630A system. The
purpose of this experiment is twofold: (1) as a primary design tool for the reactor, and (2)

to evaluate and determine operational sequences and requirements. The critical experiment
will be a nuclear duplicate of the reactor system to be used in the 630A. The materials
used in the experiment will be the same as the 630A through and including the primary
containment vessel.

Basically, the geometry of the reactor mockup would be identical to that of the power
reactor, but with greater degrees of flexibility to permit more changes than is ordinarily
possible in a reactor. For example, instead of being an oxide contained within a nichrome
jacket, the fuel would be in the form of uranium metal interleaved with separable layers
of nichrome. Using relatively thin layers of uranium metal will make possible the de-
termination of the fission power distribution within the fuel elements with very high reso-
lution. Additional flexibility would be provided by varying the diameters of the central
moderator rods. Thus, by combining various moderator rod diameters, amounts of ura-
nium, and uranium distributions, it will be possible to experimentally tailor the power
distribution requirements to provide maximum performance of the power reactor. By suit-

able additions of other materials, the effects of fission product poisoning and uranium de-
pletion would be simulated, thus allowing similar determinations of fission power distri-

bution at progressive stages of the operating life. Control rod worths, temperature rises
due to secondary heating of components in the system, reflector effectiveness, and source

specifications for the shield are other quantities that would be determined in the critical
experiment program.

The mockup would also be used to evaluate several accidents that could occur in the re-
actor, such as the effect of flooding the core with water and the effect of melting and dis-
placement of the fuel. These, of course, would be done in a finite, step-wise fashion under
well-controlled conditions.

The critical experiment therefore, is a major design tool that will facilitate the confident
determination of the reactor specifications required to achieve the operating life, fuel ele-
ment temperature limitations, and the assured controllability of the reactor throughout the

operating life.
153
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7.2 DEVELOPMENT REACTOR PROGRAM

The development reactor system will be a land-based version of a shipboard power plant.
It will be identical in all respects to the shipboard plant except for the primary propulsion
turbines. The purpose of the test would be to prove out, simplify, and improve the over-
all system design, to provide a training area for operating crews, and to provide a base
for the installation and demonstration of further improvements in the power plant.

This program would provide experience and detailed technical data in such areas as:

1. Control and operational methods
2. Handling procedures
3. Safety demonstrations
4. Performance demonstrations
5. Life of fuel elements*
6. Shielding evaluations
7. Heating rates in components
8. Aftercooling performance
9. Integrated operational characteristics of components

The development reactor would be equipped with detectors to provide more information
than that required by a shipboard power plant; e. g., the thermocouples measuring fuel

element plate temperatures. In operation, the development system would fully simulate
a shipboard installation. The stability and responsiveness of the control system would be
evaluated under various load requirements of the steam-loop dictated by the specifications
for a maritime power plant. During the load changing, simuated maneuvering, and opera-
tion under steady state, reactor and system characteristics would be measured and com-
pared with predicted behavior. The characteristics that would be of interest are fuel ele-
ment plate temperatures, fission product evolution, effects of uranium burnup on reacti-
vity and plate temperature, controllability of the reactor under these conditions, and con-
firmation of the requirements of the auxiliary system.

By designing the reactor and its control system identically to the shipboard reactor, the
shipboard crew can be trained without the expense of a shipboard installation, and in a faci-
lity ideal for such training.

The development reactor system would also facilitate the subsequent shipboard installa-
tion of such a power plant with minimum difficulty because all system component responses
and characteristics would have been evaluated prior to installation. Any necessary modifi-
cations can be evaluated in the land-based system and easily incorporated in the shipboard
installation.

7.3 DEVELOPMENT OF FUEL ELEMENT MATERIALS

The improvement of concentric-ring 80Ni - 20Cr fuel elements reached a level of
development during the ANP program that satisfactory in-reactor performance, at tem-
peratures ranging from 18000 to 1950 0 F for periods of 100 to 500 hours, was virtually
assured. Little data were accumulated on fuel element performance at lower tempera-
tures, however, and no data are available either on the properties of the basic fuel rib-
bon or the performance of fuel elements for periods in excess of 1000 hours at any

*Testing a single cartridge for 15,000 hours in the ETR would require more than 3 years and cost more than $6,500,000.
The entire development program for the 6304, including 15,000 hours of operation, is estimated to cost less than

$11,000,000 which, on a cost-per-fuel-cartridge basis, is about $120,000.
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elevated temperature. Accordingly, additional materials investigation will be required
to prepare fuel elements of this type for service at temperatures from 14500 to 17500 F
to meet the 15, 000-hour life requirement.

Fuel element evaluations will involve the following principal activities.

1. Determination of the effects of long-time operation on the mechanical, chemical, and
nuclear characteristics of fuel ribbon and simulated fuel elements fabricated by means
of the procedures that were current at the termination of the ANP work on 80Ni - 20Cr
fuel elements. Emphasis will be placed on laboratory tests to determine creep and
oxide penetration data as a function of stress at the temperatures of interest. The ef-
fects of neutron irradiation on the creep properties of cladding stock will be determined.
In-pile testing will be conducted to determine material behavior under conditions of
high fuel burnup. These tests will be limited to the use of coupons and relatively sim-
ple simulated fuel element configurations to establish seal and joint integrity in a neu-
tron environment.

2. Re-evaluation of the latest procedures for the manufacture of fuel ribbon and element
manufacture in the light of the 15, 000-hour life requirement to determine where better
process control may be necessary or desirable and can be achieved. Particular ef-

fort will be devoted to the chemistry of starting materials, particle size of core
materials (particularly fuel), applicable nondestructive inspection techniques, and
quality control procedures. Any potential cost reductions in the various processing
steps will be identified and exploited. The hot finishing of ribbon, commenced ex-
perimentally just before the discontinuance of work on 80Ni - 20Cr fuel elements,
will be incorporated into the normal procedure.

3. Limited investigation of fuel ribbon and fuel elements improved by such innovations
as the use of spherical fuel particles, coated fuel particles, thicker cladding, and
welded edge seals and joints.

7.4 PROGRAM SCHEDULE AND COST

The program schedule is presented in Figure 7. 1 and shows power testing to begin in
the first quarter of Fiscal Year 1965. The development costs through Fiscal Year 1965 are
presented in Table 7. 1.

In addition to this program, it is also recommended that work be initiated to establish
ship design and operational standards, ship operational safety evaluations, and adminis-
trative agreements for operation of the nuclear vessel. This work is estimated to cost about
$380, 000 and require about 18 months. In addition, a subcontract with a marine architect
should be negotiated so that the design of the 630A will include features required from the
standpoint of ship design and operation. The cost of this work is estimated to be about
$75, 000.
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TABLE 7.1

ESTIMATED COST OF 630A DEVELOPMENT PROGRAMa

Fiscal Year
Component 62 63 64 65 Totals

Critical experiment
IET modification
Dolly assembly
Remote handling, ITS
Low power tests
Steam heat sink
Manuals
Assembly checkout
Controls, ITS
Control rods
Shield plug
Side shield
Pressure vessel
Boiler
Primary coolant system
Waste handling
Auxiliary coolant system
Fuel production
Fuel investigation
Design and analysis
Production and assembly
Operations

80 201
57

40 232
168

70
390 121

40 90

50
60

170
200
106

50 440
207

10
20
50

20 80
200 1450

50

350
39

301
35
30

185
110

11
551

80
1210

200

350 3564 3840 1

Capital equipment
AEC-paid cost (irradiations)

100 100
80 80

281
57

272
168

70
511
130

70 70
400

99
471
235
136
675
317

10
31

601
70 250

340 3200
250

700 700

1180 8934

200
80 240

aAll costs shown are in thousands of dollars.





APPENDIX A - SPECIFICATIONS

OVER-ALL STEAM SUPPLY WITH INDIVIDUAL CONTAINMENT

Maximum power rating, shp

Coolant
Primary loop air pressure loss, psi

Steam conditions
Thermal efficiency, %
Shield materials
Primary air loop volume, ft3

Height, ft
Diameter, ft
Weight, tons
Accessories and miscellaneous hardware weight, tons

30, 000
Air
24
850 psi - 9500 F
31.1
Lead - water - stainless steel
450
34
18
300
40

REACTOR

GENERAL

Reactor Power, mw
Maximum
Normal

Temperatures, 0F

Air inlet
Air discharge
Average -maximum fuel element

Maximum fuel element
Moderator inlet
Moderator outlet
Inlet air pressure, psia
Discharge air pressure, psia
Inlet dynamic head, psi
Discharge dynamic head, psi
Moderator pressure, psia
Moderator pressure drop, psi
Air mass flow, lb/sec
Inlet Mach number

Discharge Mach number
Moderator flow rate, gpm
Friction factor multiplier (rough tube)

Free flow area, in. 2

72
65.8

550
1400
1575
1750
190
240
300
288
0.6
1.2
50
15
275
0.054
0.08
900
1.66
591

159
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Average heat flux, Btu/hr-ft2  66, 500
Average heat transfer coefficient, Btu/hr-ft- F 220
Heat transfer coefficient multiplier (rough tube) 1.097
Heat transfer area, ft2  3, 338
Moderator material Water
Side reflector-thermal shield materials Be, 304 SS, 304 SS + 1%

B1 0

Active core length, in. 27.50
Active core equivalent diameter, in. 48
Forward reflector length, in. 5
Rear reflector length, in. 25.5
Side reflector thickness (average), in. 5.64

U 2 3 5 , lb 427
UO2 , lb 522
UO2 loading, wt. % in meat 38.67
Weight, lb 32, 086

CELL CHARACTERISTICS INNER MIDDLE OUTER

Number 19 42 24
Outer diameter, in. 5.2063 5.2063 5.2063
Water inside diameter, in. 4.402 4.402 4.402

Outer Moderator Volume Fraction 0.285119 0.285119 0.285119
Water 0.280842 0.280842 0.280842
304 SS 0.004277 0.004277 0.004277

Outer Structure Volume Fraction 0.12106 0.12106 0.12106
304 SS 0.04141 0.04141 0.04141
80Ni - 20Cr 0.01201 0.01201 0.01201

Fuel Region
Number of rings 13 12 11

Outside diameter of outer fuel ring, in. 3.952 3.952 3.952
Inside diameter of inside ring, in. 1.849 2.020 2.191
Volume fractions 0. 475747 0. 452096 0. 426288
UO2  0.027316 0.025958 0.024477
80Ni - 20Cr 0.108833 0.103422 0.097518

Inner Structure Volume Fractions 0.040615 0.044905 0.049195
304 SS 0.014409 0.015111 0.017653
80Ni - 20Cr 0. 008176 0. 008367 0. 009766

Inner Moderator Volume Fraction 0.077459 0.096820 0.118338
Water 0.075135 0.093915 0.114788
304 SS 0.002324 0.002905 0.003550

REACTOR VOLUME FRACTIONS OVER-ALL INNER MIDDLE OUTER

Water 0.37645 0.35598 0.37476 0.39563
304 SS 0.06432 0.06242 0.06370 0.06689
80Ni - 20Cr 0.12369 0.12902 0.12380 0.11929
UO2  0.02732 0.02732 0.02560 0.92448
Weighting fraction 1.0 0. 2235 0. 4941 0.2824

NEUTRON SPECTRUM

See Table A. 1.
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TABLE Al

NEUTRON SPECTRUM

C
A B G-2, Second Iteration

Lower C-5, First Iteration G-2, Second Iteration Burnable Poison
U Energy ON

Group Lethargy E. V. Moderator g 'Fuel Fissions.b% 'Fuel Fissions,b% , Fuel Fissions,b%

0 0 107 0 1 0 0 0 0 0 0
1 0.5 6.065 x 106 0.0451 1 0.0451 0.103 0.0213 0.049 0.0251 0.062
2 1.0 3.679 x 106 0.2438 1 0.2438 0.536 0.1362 0.293 0.1599 0.331
3 1.5 2.231 x 106 0.58586 1 0.58586 1.270 0.3798 0.805 0.4456 0.910
4 2.0 1.353 x 106  0.94427 1 0.94427 2.011 0.6963 1.444 0.8171 1.632
5 2.5 8.208 x 10

5  1.2534 1 1.2534 2.619 1.0063 2.043 1.1809 2.308
6 3.0 4.979 x 105  1.4990 1 1.4990 3.113 1.2592 2.541 1.4776 2.871
7 3.5 3.020 x 105  1.6878 1 1.6878 3.533 1.4534 2.965 1.7054 3.349
8 4.0 1.832 x 105  1.8346 1 1.8346 3.894 1.6028 3.327 1.8811 3.758
9 6.0 2.479 x 104 2. 2334 1 2. 2334 5.184 1.9994 4.576 2. 3462 5.169

10 8.0 3.354 x 10 3  
2.5009 1 2.5009 6.729 2.2522 6.001 2.6425 6.776

11 10.0 4.540 x 10 2  2.7444 1 2.7444 9.552 2.4823 8.614 2.9120 9.722
12 12.0 6.144 x 10 2.9627 1 2.6927 17.531 2.6816 15.493 3.1450 17.455
13 14.0 8.315 3.1489 0.520524 3.1079 28.492 2.8239 26.665 3.3105 29.946
14 15.5 1.855 3.2718 0.769543 3.1865 33.786 2.9162 33.017 3.4166 36.996
15 16.5 0.6826 3.3470 0.595648 3.2381 37.502 2.9747 37.250 3.4828 41.582
16 17.5 0.2511 3.4143 0.387160 3.2717 43.284 3.0151 44.122 3.5276 48.872
17 18.5 0.09237 3.4728 0.2668 3.2911 49.384 3.0388 51.419 3.5529 56.355
18 19.554 0.03216 3.52667 0.122460 3.30181 54.962 3.05179 58.032 3.56607 62.736

Thermal 68
0
F 3.98344 0.122460 3.35774 100 3.10333 100 3.61509 100u

a(n/cm
2
-sec-mw) x 10-12 = f gu du.

0
percent of fissions at and above the energy shown.

REACTIVITY REQUIREMENTS

Fuel burnup, %
U2 3 6 absorption, U 2 3 8 absorption, %
Xe 1 3 5 , %
Fission product poison, %
Temperature coefficient, %

Net requirements, %

-6.0
-1.5
-1.68
-6.0
+0.5
14.7

KINETIC CON

Group
1
2
3
4
5
6

STANTS

Decay Constant, sec- 1

0.01260
0.03110
0.11340
0.30600
1.25300
3.3810

Total

Generation time - 3.96 x 10-5 second

Actual Fraction
0.00023
0.00142
0.00126
0.00264
0.00080
0.00022
0.00657

Effective Fraction
0.00026
0.00156
0.00140
0.00290
0.00088
0.00025
0.00725

REACTOR VESSEL

Operating temperature, OF
Design temperature, OF
Operating pressure, psia

Design pressure, psig
Material
Outside diameter, in.
Over-all length, in.

Outer shell thickness, in.

250
300
300
440
304 SS
68.8
63.5
2.75
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Front tube sheet thickness, in.

Rear tube sheet thickness, in.
Number of cells

Cell spacing, in.
Cell tube outside diameter, in.
Cell tube thickness in active core, in.
Cell tube thickness outside active core, in.

Volume of moderator water, ft3

Weight of moderator water, lb
Weight of reactor vessel without water or fuel

cartridges, lb

FUEL CARTRIDGE

Number of fuel cartridges
Number of fuel stages per cartridge
Number of unfueled stages per cartridge
Number of rings per stage
Cartridge assembly outside diameter, in.
Cartridge insulation outside diameter, in.
Stage length, in.
Outer unfueled ring, outside diameter, in.

Outer unfueled ring, inside diameter, in.

Average ring thickness, in.
Fuel ring clad thickness, in.
Ring gap (average), in.
Ring gap (inner and outer, average), in.

Inner unfueled ring outside diameter, in.
11-ring element
12-ring element
13-ring element

Inner unfueled ring thickness, in.
Fuel matrix material
Fuel ring cladding material
Structure material
Weight of fuel cartridge, lb

CONTROL RODS

Number of shim rods
Number of shim rod actuators

(18 actuators drive 54 rods ganged in 3's, and
9 actuators drive 18 rods ganged in 2's)

Shim rod poison diameter, in.
Number of safety rods
Number of safety rod actuators

(23 actuators drive 69 rods ganged in 3's, 4 actuators
drive 8 rods ganged in 2's, and 4 actuators drive 4

rods individually)
Poison rods, number required - diameter, in.

Rod material, wt. %
Poison length, in.
Rod clad (304 SS) thickness, in.

2.75
2.75
85
4.958
4.402
0.060
0.125
32.84
2, 049

26,637

85
9
3
11, 12, 13
4.212
4.202
3.084
4.082
4.042
0.0255
0.004
0.060
0.045

2.101
1.930
1.759
0.040
UO2 and 80Ni - 20Cr
80Ni - 20Cr Alloy
80Ni - 20Cr Alloy
40

72
27

0.400
81
31

16 - 0.7
41 - 0.8
24 - 0.9

50 B 4 C + 50 304 SS
27.5
0.050
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SHIELD PLUG

GENERAL

Maximum operating temperature, OF
Maximum design temperature, OF
Internal operating pressure, psig
Internal design pressure, psig
Water pressure excess over primary loop
External operating pressure, psig
External design pressure, psig
Shield materials

Structural materials
Over-all height including actuators and center moderator

extensions, in.
Height excluding actuators and center moderator exten-

sions, in.
Maximum outside diameter at flange, in.
Water volume, ft3

Dry weight excluding actuators and control rods, lb
Wet weight excluding actuators and control rods, lb
Over-all wet weight including actuators and control rods,

lb

LOWER TANK

Flange diameter, in.
Flange bolt circle diameter, in.
Flange thickness, in.
Outside shell diameter, in.
Shell thickness, in.
Shell height, in.
Dished head outside diameter, in.
Dished head thickness, in.
Dished head height, in.

UPPER TANK

Flange diameter, in.
Flange bolt circle diameter, in.
Cover plate diameter, in.
Cover plate thickness, in.
Shell outside diameter, in.
Shell thickness, in.
Shell height, in.

LEAD SLAB

Diameter, in.
Thickness, in.
Clad material
Clad thickness (flats), in.
Clad thickness (holes), in.

240
300
40
40
40
285
440
Lead, water, stainless

steel
304 SS

191

80
84.5
88
38, 972
44, 464

48,964

84. 5
79.0
6
74
2
16
74
3
20. 5

65. 5
62. 5
65. 5
5.0
57. 5
2
32.5

70
7.0
304 SS
1.0
0.25
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CENTER MODERATOR TUBES

Number of tubes
Inner inlet tube inside diameter, in.
Inner inlet tube outside diameter, in.

Outer exit tube inside diameter, in.
Outer exit tube outside diameter, in.

MODERATOR EXIT PIPES

Number of exit pipes
Inside diameter, in.
Outside diameter, in.
Length, in.

BOILER

GENERAL

Type
Over-all height, in.
Over-all diameter (at tube sheet)
Effective height, in.
Effective outside diameter, in.
Effective inside diameter, in.
Weight of water, lb
Operating weight, lb

DESIGN DATA FOR
NORMAL POWER ECONOMIZER

Airflow, thousands of lb/hr 956
Waterflow, thousands of lb/hr 198.3
Duty, millions of Btu/hr 25.7
Over-all heat transfer

Coefficient, Btu/hr-ft2 _OF 113
Area, ft2  1,975

Pressure drop (water side),
psi 2.0

Air temperature, OF 550 (exit)
Air pressure, psia 276 (exit)

Water-steam temperature, OF 432 (inlet)

Water-steam pressure, psia 935 (inlet)

TUBES

Configuration
Radial plane
Longitudinal plane

Number of tubes
Material

Average tube length, ft
Tube pitch, in.
Tube outside diameter, in.
Wall thickness, in.

INNER

19
1.00
1.04
1.449
1. 529

MIDDLE

42
1.10
1.14
1.62
1.70

OUTER

24
1.20
1.240
1.791
1.871

6
4.0
4. 5
18

Once-through
126
122
80
89
28
2, 524
58, 872

EVAPORATOR

956
198.3
129.9

124.3
3,420

37.4
640 (exit) 1172 (inlet)

532

SUPERHEATER

956
198.3
57.3

109
945

30.0
1400 (inlet)

285 (inlet)
950 (outlet)
865 (outlet)

Involute

Serpentine
264
9Cr - 1Mo (Low-alloy

steel)
140
0.875
0.625
0.085
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REAR TUBE SHEET

Material

Over-all height (including water manifold), in.
Maximum diameter, in.
Water manifold dimensions, in.

Outside diameter
Inside diameter
Thickness

Steam manifold outside diameter, in.
Separator dimensions, in.

Outside diameter
Inside diameter
Length

Steam manifold thickness, in.

HOUSING

Material

Outside diameter, in.
Height (including seal), in.
Thickness, in.

CONDENSATE DEMINERALIZER SYSTEM

Exchangers
Number required
Type
Maximum inlet temperature, OF
Maximum inlet pressure, psig
Maximum pressure drop, psi
Capacity (each), gpm
Inlet water total solids, ppm
Maximum outlet water total solids, ppm
Weight, lb

Regeneration Equipment

PRESSURE VESSEL

GENERAL

Normal operating temperature, OF
Design temperature, OF
Normal operating pressure, psig
Design pressure, psig
Relief valve setting, psig
Materials

2.25Cr - 1Mo (Low-alloy
steel)

41
112

112
33
7
36

33
36
22
4

2.25Cr - iMo (Low-alloy
steel)

90
100
1.0

2
Mixed bed
100
100
35
350
5
0.25
10, 400
Semi-automatic

130
300
285
440
440
SA 302B carbon steel in-

ternally and externally
clad with 0. 25-inch type
304 SS
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Over-all height, in.
Maximum diameter (at nozzles), in.

Weight, lb

UPPER SECTION

Inside diameter of shell, in.
Wall thickness, in.
Height, in.
Outside diameter of upper flange, in.
Bolt circle diameter of upper flange, in.

CONICAL TRANSITION SECTION

Inside diameter of shell at upper end, in.
Inside diameter of shell at lower end, in.
Wall thickness, in.
Height, in.

LOWER SECTION

Inside diameter of shell, in.
Wall thickness, in.
Height, in.
Outside diameter of lower flange, in.
Bolt circle diameter of lower flange, in.

NOZZLES (BLOWER HOUSINGS)

Number required
Inside diameter, in.

SHIELD

SIDE SHIELD

General
Water inlet temperature, OF
Water outlet temperature, OF
Shield maximum temperature, OF
Water pressure, psi
Water flow rate, gpm
Lead weight (including clad), lb
Water weight, lb
Outer tank weight, lb
Total weight, lb

Outer Tank
Material
Over-all height, in.
Over-all diameter at flange, in.
Upper outside diameter, in.
Outside diameter at plane of active core, in.
Outside lower diameter, in.
Thickness, in.

212
179
59, 772

75
1.5
96
96
79

75
101
2.5
26

101
2. 5
90
112
106

2
36. 5

105
120
150
Atmospheric
43
200, 725
141,265
49,645
391,635

Carbon steel
246
210
140
202
147
1
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Shield Slab
Clad material
Height, in.
Inside diameter, in.
Lead thickness in plane of active core, in.
Clad thickness inside diameter, in.

DRY SHIELD PLUG DOUGHNUT

Outside diameter, in.

Inside diameter, in.
Height, in.
Materials
Lead weight, lb
Steel weight, lb
Polyethylene weight, lb
Total weight, lb

CONTAINMENT VESSEL

INDIVIDUAL CONTAINMENT

Actuator Containment Vessel
Design temperature, OF
Design pressure, psig
Material

Over-all diameter, in.
Over-all height, in.
Net volume, ft3

Weight, lb
Blower Containment Vessel

Design temperature, OF
Design pressure, psig
Material

Over-all diameter, in.
Over-all length, in.
Net volume,. ft3

Weight, lb
Steam Generator Containment Vessel

Design temperature, OF
Design pressure, psig
Material

Over-all diameter, in.
Over-all height, in.
Net volume, ft3

Weight, lb
Total Containment

Design temperature, OF
Design pressure, psig

Mild carbon steel
179
110
8.7
1.0

128
58
26
Lead, steel, polyethylene
19, 619
5, 520
6,300
31, 439

<650
440
SA 201B

steel
110
175
336
23, 227

<650
440
SA 201B

steel

(A300) carbon

(A300) carbon

62
31
47. 8
3, 900

<650
440
SA 201B (A300) carbon

steel
130
90
339
7, 859

< 300
115
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Material

Over-all diameter, in.
Over-all height, in.
Air lock diameter, in.
Net volume, ft3

Weight, lb

SA 201B (A300) carbon
steel

272
408
42
2, 289
109, 776

VENTILATION SYSTEM

Circulating Fan and Motor
Medium
Discharge temperature, OF
Inlet pressure, psia
Discharge pressure, in. H20 gage
Flow, scfm
Motor, hp
Weight, lb

Exit Duct Filter
Maximum temperature, OF
Maximum pressure drop, in. H20
Maximum flow, scfm
Efficiency, 0. 3 micron, %
Weight, lb

Exit Duct and Motor
Medium
Discharge temperature, OF
Inlet pressure, in. H20 gage
Exit pressure, in. H20 gage
Flow, scfm
Motor, hp
Weight, lb

Exit Duct Control Valve
Maximum inlet temperature, OF
Minimum inlet temperature, OF
Pressure, psia
Maximum flow, scfm
Minimum flow, scfm
Weight, lb

Inlet and Exit Duct Shutoff Valves
Maximum pressure drop closed, psi
Maximum pressure drop open, in. H20
Maximum flow, scfm
Allowable flow, closed
Closing time, sec
Actuating signal
Weight, lb

Air
110
14. 7
2
7, 600
6
450

110
2
3, 000
99. 97
300

Air
115
-6. 0
6. 0
3, 000
7. 9
600

115
50
14. 7
3, 000
1, 500
400

100
0. 5
3, 000
0
0. 5
Electric or pneumatic
800



PRIMARY COOLANT SYSTEM

PRIMARY BLOWER

Blower
Medium
Maximum inlet temperature, OF
Maximum pressure, psig
Normal maximum inlet pressure, psia
Normal maximum exit pressure, psia
Seal air pressure, psia
Maximum flow, lb/sec
Maximum seal leakage into system with 1 psi

pressure drop, scfm
Maximum external seal leakage, scfm
Check valve leakage at 18 psi pressure drop, lb/sec
Rated speed, rpm
Normal speed, rpm
Nulcear radiation
Weight, lb
Design life, hr
Overhaul life, hr

Blower Lube System
Oil supply temperature, OF
Oil return temperature, OF
Water inlet temperature, OF
Water outlet temperature, OF
Pump discharge pressure, psig
Sump pressure, psia
Tank pressure, psia
Oilflow, gpm
Waterflow, gpm
Pump, hp
Weight, lb

Steam Turbine Drive
Type
Steam inlet temperature, OF
Steam inlet pressure, psia
Exhaust pressure, psia
Normal steam rate at normal load, lb/shp-hr
Normal rating, hp
Maximum rating, hp
Maximum speed, rpm
Normal speed, rpm
Speed control range
Weight, lb

AUXILIARY BLOWER SYSTEM

Blower
Same as main blower.

Blower Lube System
Same as main blower.

Air
550
900
382
400
401
300

0. 1
100
1.0
12, 000
10, 300
To be provided later

2, 600
150, 000
15, 000

150
200
90
110
100
15
14. 7
2
2
0.25
500

Direct drive
800
400
60
18. 6
2, 125
2, 998
12, 000
10, 300
6 to 1
9, 000
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Drive Motor
Type
Power rating, hp
Speed, rpm
Weight, lb

Eddy-Current Coupling
Type of control
Cooling medium
Water inlet temperature, OF
Water outlet temperature, OF
Waterflow, gpm
Torque at 50 rpm slip, ft-lb
Torque at 75 rpm slip, ft-lb
Torque at 100 rpm slip, ft-lb
Torque at 150 rpm slip, ft-lb
Maximum torque, ft-lb
Weight, lb

Reduction Gearing
Maximum input torque, ft-lb
Maximum output torque, ft- lb
Output torque at 12, 000 rpm, ft-lb
Maximum input, hp

Maximum input speed, rpm
Maximum output speed, rpm
Weight, lb

Structural Steel Base
Weight, lb

AIR SUPPLY SYSTEM

Compressor and Motor
Type
Inlet temperature maximum, OF
Discharge pressure, psig
Capacity, scfm
Motor rating, hp
Weight, lb

Tank
Design pressure, psig
Capacity, ft 3

Weight, lb
Blower Seal Pressure Control Valve

Type

Maximum pressure, psig
Maximum normal discharge pressure, psig
Differential pressure regulation, psi
Capacity, scfm
Weight, lb

Intercooler
Water inlet temperature, OF
Water outlet temperature, OF

Induction
300
1, 800
4, 700

Constant torque
Water
100
150
3. 2
1, 000
1, 350
1, 550
1, 850
3, 000
3, 300

3, 000
400
132
300
1, 600
12, 000
2, 000

3, 500

Two- stage piston
100
400
220
74. 3
9, 000

440
19
500

Differential pressure
diaphragm

900
401
1
220
100

90
105
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Waterflow, gpm
Weight, lb

Aftercooler
Water inlet temperature, OF
Water outlet temperature, OF
Waterflow, gpm
Weight, lb

WASTE HANDLING

AIR

Filter
Type
Maximum temperature, OF
Maximum pressure, psig
Pressure drop, in. H20
Maximum flow, scfm
Weight, lb

Heat Exchanger
Air inlet temperature, OF
Air exit temperature, OF
Water inlet temperature, OF
Air inlet pressure, psig
Airflow, scfm
Waterflow, gpm
Weight, lb

Air Storage Tanks
Maximum air temperature, OF
Maximum pressure, psig
Tank diameter, ft
Tank height, ft
Volume per tank, ft3

Quantity
Weight, lb

Pressure Regulating Valve
Type

Maximum temperature, OF
Maximum pressure, psig
Normal maximum pressure, psig
Maximum flow, scfm
Weight, lb

WATER

High Pressure Tank
Temperature, OF
Pressure, psig
Capacity, ft3

Weight, lb

9. 5
Included with compressor

90
105
9. 8
1, 000

Carbon and absolute
200
440
1
118
300

550
150
90
440
118
2. 1
50

200
440
2. 5
5
25
2
1, 300

Upstream pressure
regulator

550
900
400
118
50

550
900
10
500
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Low Pressure Storage Tank
Temperature, OF
Pressure, psig
Capacity, ft3
Weight, lb

Water Level Sensor
Temperature, OF
Inlet pressure, psig
Discharge pressure, psig
Flow, gpm
Weight, lb

High Pressure Valve
Temperature, OF
Inlet pressure, psig
Discharge pressure, psig
Flow, gpm
Weight, lb

AUXILIARY COOLING SYSTEMS

MODERATOR LOOP COOLING

Circulating Pump and Motor
Number required
Type
Medium
Inlet temperature, OF
Maximum internal pressure, psig
Normal inlet pressure, psig
Normal discharge pressure, psig
Flow per pump, gpm
Motor rating, hp
Pump body, impeller and shaft material
Weight, lb

Heat Exchanger
Normal inlet temperature, moderator side, OF
Normal outlet temperature, moderator side, OF
Maximum cooling water inlet temperature, OF
Normal inlet pressure, moderator side, psig
Maximum inlet pressure, moderator side, psig
Normal inlet pressure, cooling water side, psig
Maximum inlet pressure, cooling water side, psig
Allowable pressure drop, moderator side, psi
Allowable pressure drop, cooling side, psi

Moderator waterflow, gpm
Normal cooling waterflow, gpm
Weight, lb

Expansion Tank
Maximum temperature, OF
Maximum pressure, psig
Normal pressure, psig

550
150
60
650

550
900
20
75
250

550
900
10
75
50

2
Centrifugal
Water
240
900
15
55
500
16
304 SS
3,900

240
190
100
55
900
60
100
20
20
900
400
5, 000

300
900
15



Material
Capacity, gal
Weight, lb

Hydrogen System
Maximum tank pressure, psig
Pressure regulating valve discharge pressure, psig
Tank capacity, ft3

Weight, lb

AUXILIARY COOLING SYSTEM

Fresh Water to Sea Water Heat Exchanger
Maximum sea water inlet temperature, OF
Sea water outlet temperature, OF
Fresh water inlet temperature, OF
Fresh water outlet temperature, OF
Heat load, Btu/min
Maximum pressure sea water side, psig
Maximum pressure fresh water side, psig
Sea water flow, gpm
Fresh water flow, gpm
Weight, lb

Side Shield Water Heat Exchanger
Cooling water inlet temperature, OF
Cooling water outlet temperature, OF
Shield water inlet temperature, OF
Shield water outlet temperature, OF
Maximum pressure shield water, psig
Maximum pressure cooling water, psig
Cooling water flow, gpm
Shield water flow, gpm
Heat load, Btu/min
Weight, lb

Intermediate Loop Circulating Pump and Motor
Type pump
Discharge pressure, psig
Waterflow, gpm
Motor rating, hp
Weight, lb

Sea Water Pump and Motor
Type
Discharge pressure, psig
Flow, gpm
Motor rating, hp
Weight, lb

Shield Water Pump and Motor
Type
Discharge pressure, psig
Flow, gpm
Motor rating, hp
Weight, lb

Intermediate Loop Supply Tank
Capacity, gal
Empty weight, lb
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304 SS
100
800

2, 000
15
2
100

75
90
105
90
10, 965
30
50
88
70
200

90
105
120
105
50
50
43
43
5, 120
200

Centrifugal
40
70
2. 6
200

Centrifugal
20
88
0.66
200

Centrifugal
50
43
1. 1
200

100
500
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PROPULSION AND REACTOR AUXILIARIES EMERGENCY POWER
REQUIREMENTS

(All power requirements shown are in kilowatts. )

Boiler feed pump 59.4
Main condensate pump 8. 7
Main condenser circulating pump 114. 5
Condensate transfer pump 1. 5
Lube oil system 34. 7
Instrument air compressor 4. 8
Demineralizer 1. 5
Reactor controls and instrumentation 10. 0
Oil pump blowers 0. 2
Auxiliary blower 223. 0
Auxiliary cooling system pumps 2. 5
Moderator circulating pumps 11. 9
Seal pressurization compressor 55. 0
Containment compartment ventilation system 10. 0

Total emergency power requirements 537. 7

AUXILIARY GENERATOR REQUIREMENTS AT NORMAL SEA LOAD
(Allpower requirements shown are in kilowatts. )

SHIP SERVICE AUXILIARIES 272.8

PROPULSION AND REACTOR AUXILIARIES

Main condensate pump 8. 7
Main condenser circulating pump 114. 5
Condensate transfer pump 1. 5
Lube oil system 34. 7
Instrument air compressor 4. 8
Demineralizer 1. 5
Reactor controls and instrumentation 10. 0
Blower oil pumps 0. 2
Auxiliary blower 11. 1
Auxiliary cooling system pumps 2. 5
Moderator circulating pumps 11. 9
Seal pressurization compressor 55. 0
Containment compartment ventilation system 10. 0

Total propulsion and reactor auxiliaries 266. 4

Total auxiliary generator requirements 539. 2
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630A SAFETY ACTIONS FOR SHIPBOARD INSTALLATION

ACTION*

PARAMETER INDICATION WARNING SCRAM

Reactor inlet air temperature x
Reactor discharge air temperature x x x
Economizer discharge air temperature x
Main blower outlet air temperature x
Auxiliary blower outlet air temperature x
Feedwater inlet temperature x
Superheater discharge steam temperature x x
Moderator water inlet temperature x
Moderator water outlet temperature X x
Blower oil temperature x x Hi
Reactor inlet air pressure x
Reactor outlet air pressure x
Economizer discharge air pressure (total) x x Lo x Lo

x Hi x Hi
Main blower inlet air pressure (static) x x Lo

Main blower outlet air pressure (total) x x Hi x Hi

Pressure rise across main blower x x Lo x Lo
Feedwater inlet pressure x
Superheater outlet steam pressure x

Moderator water pressure x x Lo x Hi
x Hi x Lo

Blower oil pressure x x Lo
Feedwater flow x x
Moderator waterflow x x x
Reactor power x x x
Reactor log count rate x
Reactor period x x x
Electric power

Frequency x
Voltage x x x

Main blower speed x
Auxiliary blower motor speed x x
Feedwater turbine speed x
Auxiliary blower clutch control x x
Bleed air moisture content x x Hi
Feedwater conductivity x x Hi
Water level - high pressure tank x x Hi
Primary loop radiation level x x
Containment compartment radiation level x x Hi
Shield water level x x

*Hi ' high signal

Lo - low signal
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630A SAFETY ACTIONS FOR IDAHO TEST

ACTION*

PARAMETER INDICATION WARNING SCRAM

Reactor inlet air temperature x
Reactor discharge air temperature x x x
Reactor fuel element temperature x x
Economizer discharge air temperature x
Main blower outlet air temperature x
Auxiliary blower outlet air temperature x
Feedwater heater outlet temperature
Feedwater inlet temperature x
Superheated outlet steam temperature x x
Main blower turbine inlet steam temperature x
Moderator water inlet temperature x
Moderator water outlet temperature x x

Shield water inlet temperature x
Shield water discharge temperature x
Blower oil temperature x x Hi
Reactor inlet air pressure x
Reactor outlet air pressure x
Economizer discharge air pressure (total) x
Main blower inlet air pressure (static) x x Lo
Main blower outlet air pressure (total) x x Hi x Hi
Pressure rise across main blower x x Lo x Lo
Condenser pressure x x
Feedwater inlet pressure x
Superheater outlet steam pressure x
Main blower turbine inlet steam pressure x
Main blower turbine outlet pressure x
Moderator water pressure x x Lo x

x Hi
Blower oil pressure x x Lo
Feedwater flow x x
Superheater outlet steam flow x
Steam flow to main blower turbine x
Feedwater heater steam flow x
Moderator water flow x x x
Reactor power x x x
Reactor log count x
Reactor period x x x
Electric power

Frequency x
Voltage x x x

Main blower speed x
Auxiliary blower speed x x Lo
Auxiliary blower clutch control x x
Primary loop radiation level x x
Water conductivity - condensate x x

*Hi - high signal

Lo - low signal
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PARAME TER

Bleed air moisture content
Water level - high pressure tank
Shield water level

AC TION*

INDICATION WARNING SCRAM

x x Hi

x x
x x





APPENDIX B

The technology on which the conceptual design of the 630A nuclear steam generator is
based was developed by the Aircraft Nuclear Propulsion Department of the General Elec-
tric Company during the national aircraft nuclear propulsion program. The compact size
and low weight of the 630A power plant are a direct result of the prime requirement for
compact size and low weight in a nuclear power plant for aircraft applications.

This appendix contains a brief summary of four of the power plants that were developed
or designed by GE-ANPD: the three Heat Transfer Reactor Experiments (HTRE-1, -2,
and -3) and the XMA-1A. As designed, the 630A reactor is quite similar to the water-
moderated HTRE -1. Improvements, particularly in the metallic fuel elements, that re-
sulted from the design, fabrication, and tests of the other reactors have been incorporated
in the 630A design.

1. HTRE-1*

The HTRE-1 test assembly (shown in Figure B1) as conceived in the basic design con-
sisted of an air-cooled reactor operating a single, modified J47 turbojet engine. The re-
actor used metallic fuel elements and water moderator. The turbojet engine and shield
were part of a mobile facility called the Core Test Facility (CTF). A reactor core, shield
plug, control actuators, source rod, startup fission chambers, and operating ion chambers
were combined into an integral unit before insertion into the shield.

The reactor structure was aluminum and consisted of a cylindrical water vessel pene-
trated by air tubes, into which fuel cartridges were inserted for nuclear operation of the
reactor. The air tubes were lined with a thin layer of stainless-steel-jacketed, mineral-
wool, felt-type insulation to reduce escape of the fuel element heat into the water mode-
rator. The dished-head transition section was an integral part of the reactor assembly in
that it is connected to the reactor by control rod guide tubes and water tubes. The reactor
and transition assembly were bolted to the bottom of the shield plug through a flange on the
transition assembly. The transition section was made of aluminum and contained modera-
tor water for neutron shielding. Figure B2 is a drawing of the reactor.

The active core was a hexagonal bank of 37 aluminum tubes containing nickel-chromium
fuel cartridges with sandwiched U02 fuel meat. A length of unfueled water-tube matrix
extends on each end of the active core to serve as end reflector. The radial reflector con-

sisted of beryllium slabs arranged in a hexagonal shell. Figure B3 shows the core under

construction.

*The formal nomenclature of the HTRE No. I model A test assembly is "D101A." Three reactors were built for use

in this test assembly. The Al reactor was a mechanical mockup used for cold fitups and flow tests; the A2 and A3

were identical reactors built for power operation. With the A2 reactor inserted into the Core Test Facility the entire

test assembly is designated D101A2.
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Fuel for the reactor was supplied by enriched UO 2 mixed with an 80Ni - 20Cr alloy in

a weight ratio of 40 to 42 percent UO2. The fuel mixture was clad with a modified nickel-
chromium alloy and was fabricated in ribbon form. The fueled ribbon was formed into rings
sealed at each end with braze-coated wire. Each fuel element consisted of a concentric ar-

rangement of the fueled rings, joined and spaced at the leading edge by brazed channels,
and spaced at the trailing edge by trapezoidal spacers. Eighteen elements, together with

the forward ring assembly and the aft assembly, formed the fuel cartridge. The cartridge
was divided into two sections on the basis of hydraulic diameter; the first 11 stages formed
the first section, and the last seven formed the second section. A fuel stage is shown in
Figure B4.

Fig. B- IITH E-1 fuel element and cartridge assembly

1.1 CONTROL SYSTEM

Engine controls were separate from the reactor controls. The only links between reac-

tor and engine control systems were several safety interlocks that were operated by engine

overspeed and loss of airflow when an engine was being shut down. Either of these condi-

tions could scram the reactor.

r
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The control system of the HTRE-1 reactor consisted of nuclear instrumentation, the dy-
namic control system, shim control system, safety system and interlocks, and sensory
instruments.

Nuclear instrumentation consisted of three channels: the count-rate, log flux, and lin-
ear channels. The count-rate channel was usea to determine the status of the reactor when
the flux level is below 10-5 NF (full-power reactor flux level). Signals for the count-rate
channel were produced by fission chambers. These signals were converted to log count
rate and period signals. If the period became less than 5 seconds, the reactor was scrammed.

The log-flux channel was supplied by compensated ion chambers located in the side ports
of the Core Test Facility. The chamber signals were converted to log-flux and period signals.
The period signal was used to control the reactor in the period range from 10-5 NF to full
power.

In the linear-flux channel compensated ion chambers located in the top plugs were used
as sensors in the power range. Each sensor supplied an input to the flux-regulation servo
and a difference amplifier. The three flux-level signals were auctioned, and the highest
signal was recorded. The high signal also supplied the input to the 1. 1 NF trip circuit. If
the flux level exceeded 1. 1 NF, the reactor was scrammed.

The purpose of the flux-regulating servo was to maintain the reactor power level at the
value selected by the operator. It was intended for operation between 1 percent and 100
percent NF. The shim rods moved to compensate for low-frequency changes to maintain
the dynamic rods within a neutral position band.

Should the reactor tend to operate in unsafe regions, the power level could be quickly
reduced by one of two methods:

1. Shutdown - The dynamic rods were driven into the reactor; this action called for in-
sertion of all rods by sequence operation. After the trouble was corrected, a com-
plete startup was necessary.

2. Scram - The shim-rod solenoid latches were released and all spring-loaded shim
rods were completely inserted, together with the dynamic rods. Scram could be init-
iated manually or automatically. A reset was not possible until the trouble was cor-
rected.

Thermodynamic sensors were located throughout the HTRE -CTF system. Two fuel car-
tridges were equipped with 18 thermocouples to obtain data on longitudinal and fine radial
power distribution; all other cartridges were provided with two thermocouples.

1.2 SHIELD

The shield consisted of borated water, lead, and steel. It was designed to provide suf-
ficient neutron and gamma shielding to reduce the combined effect of the induced activity
of external components and the leakage of core decay gammas to 100 milliroentgens per
hour 3 hours after 25 hours of operation at 40 megawatts. The primary purpose of the
shield plug was to shield the area above the core insertion hole from nuclear radiation.
The transition section added significantly to the shielding of the reactor. The plug had two
steps to avoid straight-line passage for radiation streaming. It was made of stainless steel
and contained moderator water for neutron shielding.

1.3 AERODYNAMICS AND THERMODYNAMICS

The practical limit on the power that could be extracted from the reactor was determined
by the rate of heat transfer to the air. Heat transfer was limited by the maximum permis-
sible fuel element temperature and the maximum amount of cooling air provided by the tur-
bojet engine commensurate with system pressure loss.
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It was necessary to regulate three nuclear power distributions in order to achieve the
design performance. Longitudinal power distribution was controlled by placing the section
having fuel elements with the smallest heat transfer area in the entrance region, since the
temperature difference between fuel element and air could be large near the core inlet.
This procedure allowed the highest heat transfer per unit area. The gross radial power was
equalized from tube to tube by varying the spacing of the tubes. The beryllium reflector
also helped maintain sufficiently high flux in the outer tubes. The fine radial power distri-
bution within each tube was regulated by increasing the thickness of the fuel sheets near
the center of the tube. This increase in fuel mass per unit heat transfer area compensated
for the decrease in power per unit mass of fuel caused by self shielding at the center of the
fuel element.

The air entered the turbojet engine and was compressed to five times the intake pressure.
It was then collected in a scroll and ducted to a manifold on top of the shield tank. The air
passed through the shield in parallel ducts and entered the air plenum chamber above the
reactor. The air passed through the reactor, was heated, and entered a plenum chamber at
the reactor exit. The air then returned to the turbine and was ducted into the exhaust-
handling system.

The fuel element heat transfer area was designed for a nominal unperturbed maximum
temperature of 1700 0F with a reactor air inlet temperature of 380 0F and a reactor air exit

temperature of 1400 0F at an airflow rate of 60 pounds per second. The engine speed under
these conditions was 7800 rpm.

The power plant was started on chemical fuel alone, with compressor air passing through
the cold reactor. With the engine-speed and turbine-exhaust-temperature controls set at a

predetermined level, the reactor was started and the power was increased. When the nuc-
lear heat was detected by the turbine-exhaust thermocouples, the chemical fuel valve started

to close. As the reactor power was increased, the chemical valve closed completely. Engine
speed was held constant throughout.

1.4 CORE TEST FACILITY

The Core Test Facility consisted of the shielded reactor and engines together with sev-
eral auxiliary systems. These comprised a self-contained unit mounted on a dolly. The
reactor auxiliary systems were the in-transit aftercooling system, the auxiliary aftercool-
ing blower, the auxiliary power unit, and the wiring leads between the shielded reactor and
a coupling plug, which mates with a plug on the facility. The engine auxiliaries included

the fuel system (except for tanks and booster pump), lubrication system, starter system,
duct valve actuation system, and control and instrumentation wiring leads to the facility
plug.

The auxiliary power system consisted of two diesel-electric systems rated at 20 kilo-

watts each. One system operated two 3-horsepower moderator aftercooling pumps, one
3-horsepower heat exchanger fan motor, and one 7. 5-horsepower fan motor. One engine-
alternator set carried the load through a low-voltage transfer switch. If trouble developed

on the loaded set, the load was transferred to the other set. The aftercooling air blower

supplied 4 pounds per second of air at 45 inches of water pressure at 5000 feet. The in-
transit moderator cooling system had a circulating flow rate of 75 gpm with a heat-removal
capacity of 74 Btu per second.

1.5 IET NO. 3

Three series of tests were performed during HTRE-1 operation. The first series covered

the period from December 27, 1955, to February 25, 1956, and was designated initial En-
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gine Test (IET) No. 3. (Previous tests, designated IET No. 1 and IET No. 2, were not power
operations.) The core used in this first test series was called the A2 core and was part of
the first test assembly, the D101A2. In the second test series, IET No. 4, which was con-
ducted during the period from April 17, 1956, to June 29, 1956, a slightly modified A2 core
was used. After further modification based on test results and a series of shielding tests
(IET No. 5), the third series of tests, designated IET No. 6, was performed during the
period from September 24, 1956, to January 3, 1957. IET No. 6 employed a completely
new reactor test assembly, the D1O1A3.

1. 5. 1 Operation

The first series of operational tests using the A2 reactor was generally successful in
that the system operated as intended without chemical assistance. The first test series
consisted of the following operations: (1) making the reactor critical, (2) low-power tests

in which the coolant air was supplied by auxiliary blowers, (3) tests in which the coolant
air was supplied by the engine, which was operated both by the reactor and the auxiliary

chemical source, and (4) operation of the engine system exclusively on reactor energy.

Nuclear power operating range was from ~ 0 (critical) to 16. 9 megawatts.

Experimental data showed reasonable agreement with expected values. The primary
discrepancies involved somewhat high fuel element temperatures on the average and ex-
cessive temperature spreads. A few of these high local temperatures narrowed the region
for matching of the reactor and engine power and hindered power transfers.

During the first all-nuclear run the engine system was successfully operated for a per-
iod of approximately 40 minutes, during which time the engine was both accelerated and
decelerated by variation of reactor power. During this initial operation the exit air rad-
ioactivity monitors indicated possible fuel element rupture. Although the initial release
rate was not sufficient to warrant immediate termination of testing, it did increase slightly
with time and after 5-1/2 additional hours at full nuclear power it was decided to return
the reactor to the hot shop. The reasons for this decision were twofold: (1) to investigate
possible fuel element damage in the early phases, and (2) to preclude the occurrence of a
hazardous radioactive situation involving either on- or off-site personnel.

When the reactor was disassembled and fuel cartridges were examined, it was discovered
that two cartridges were damaged extensively with segments of the fuel elements melted or

oxidized away. Analysis of the damage indicated that it resulted from differential air pres-
sure across the insulation sleeve. The pressure differential caused the sleeve to collapse
the steel liner against the fuel cartridge and restricted cooling air from the stages that

were overheated. The insulation sleeve was re-designed and the power plant was equipped
so that data could be gathered to evaluate this problem during future operations.

1.6 IET NO. 4

1. 6. 1 Operation

The second series of operational tests was run at the Idaho Test Station during the period
from April 17, 1956, through June 29, 1956. This test series was designated IET No. 4
and utilized the repaired and modified A2 core. The primary purpose of the tests was to
determine whether modifications based on the results of the first test series had signifi-
cantly improved the capabilities of the reactor. Additional objectives were (1) to make
complete measurements of the power plant performance, (2) to measure xenon poisoning,
and (3) to study and improve servo control of the reactor.

A major effort was made to improve automatic control of the reactor. The main control-
loop amplifier from the original servosystem was discarded and replaced by a new and
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flexible circuit with an integrating network. The parameters of this circuit were adjusted
empirically to give optimum performance, but no formal tests of its response were made.
The final system, operating one dynamic rod only, gave satisfactory results from an oper-
ational standpoint, although reliability was not demonstrated and the system was suscept-
ible to electronic noise. The reactor was controlled on neutron flux at power levels from
1 percent to full power and on fuel element temperatures at intermediate power levels. An
attempt to control the reactor on the basis of the temperature of the air leaving the hot
torus was unsuccessful because of slow sytem response. Data were taken to permit the
design of control components that would compensate for this slow response. Operation
was routinely carried out on automatic control, although some long runs were made at high
power with manual control.

1.6.2 Experimental Data

During IET No. 4 the system was operated under conditions that permitted extensive
partial power-mapping of the system thermodynamic characteristics. Data were obtained
over the range from full chemical power to reactor powers requiring as little as 300 pounds
per hour of fuel flow. However, no data were obtained on full nuclear power.

Tests were conducted to determine the xenon poisoning both during operation and after
shutdown. The results indicated that the apparent xenon poisoning was greater than pre-
dicted by a factor of 2.

1.7 IET NO. 6

1. 7. 1 Operation

The third series of heat transfer reactor experiments utilizing the A3 core and the CTF
was successfully conducted at predicted themperatures at the Idaho Test Station during the
period from September 24, 1956, through January 3, 1957. The immediate objectives of
IET No. 6 were as follows:

1. To evaluate the performance of the redesigned insulation liners.
2. To extend and supplement IET No. 3 low-flow and nuclear characteristics.
3. To verify the xenon characteristics determined during IET No. 4.
4. To continue basic controls investigations.
5. To conduct endurance testing with the engine on full nuclear power.

In the test program for IET No. 6 special emphasis was placed on tests to evaluate maxi-
mum no-air power dissipation and more extensive blower tests to obtain aftercooling data
applicable to the HTRE No. 2 program and subsequent solid-moderated reactors. Upon
completion of the engine-reactor mapping phase, the reactor was to be placed on high-
power endurance test.

1.7. 2 Experimental Data

During the IET No. 6 test operations, many quantitative data were obtained concerning
the nuclear and thermodynamic aspects of the system. These data essentially verify and
extend data obtained during the two previous series of tests. The significant data are sum-
marized below.

1. The A3 core operated an X39-4 engine o n nuclear power alone for 144. 77 hours. Of
this time, the core discharge air temperature averaged 1280 0F for the first 106 hours
and 1380 0F for the remainder.

2. During this test series 3092 megawatt-hours of energy was developed during 40 trans-
fers to full nuclear power as compared to 2409 megawatt-hours and three transfers
on the two previous operations.
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3. The X39-4 engine was operated for 22 consecutive hours on full nuclear power. This
would have been 26 hours had not an instrumentation scram occurred 4 hours after
startup.

4. Postoperation observation of the fuel elements indicated extensive plate blistering
but no gross oxidation or melting as observed during previous operations. The con-

dition of oxide layers examined indicated very low temperature-stress oxidation.

5. The no-flow and low-flow tests substantially extended and verified previous data.
With aftercooling blowers on, it was possible to obtain a total temperature rise ratio
of 3:1 across the core without observing an flow instability or maldistribution. With
no flow, it was possible to dissipate 70 kilowatts with a maximum observed fuel ele-
ment temperature of 1150 0 F.

6. An automatic reactor startup was achieved using the fission chambers and log-count-
rate instrumentation. The reactor could be brought to any designated power in the
power range by transferring to the dynamic servosystem above 1 percent power and
making interconnections appropriately in the shim withdraw bus.

7. The change in reactivity associated with a change in moderator temperature was con-
siderably greater than measured during IET No. 2 (0. 022 percent Ak/k as compared
to 0. 017), and the rate of change of reactivity with temperature decreased consider-
ably more at higher temperatures.

8. Measurements of rod-pattern effects substantiated the results of IET No. 3 tests,
which indicated that the motion of a control rod affects the temperature in fuel cart-
ridges remote from the rod as well as those immediately adjacent to it.

9. Results of the xenon poisoning tests were very similar to those obtained during
IET No. 4.

10. The modifications to the X39-4 jet engines reduced the required fuel plate tempera-
tures to the extent that transfer to and operation on full nuclear power presented no
difficulties.

2. HTRE-2

The GE-ANPD objective was to design, fabricate, and operate an open-loop, air-cooled,
solid-moderated ground test prototype (GTP) of a flight reactor and engine system. The
XMA-1A Program was established between the final design and operation of the HTRE-1.
To demonstrate the anticipated performance and operational characteristics of the
XMA-1A as well as to determine some of the design, fabrication, and materials problems,
the HTRE-3 was incorporated in the program as a preliminary step. Since the solid mod-
erator concept was a major change from the HTRE-1 water-moderated reactor, an in-pile

test program of fuel and moderator assemblies was essential to determine the interaction
of the components and to obtain experimental performance data. The Materials Test Re-

actor (MTR) did not have a test hole to satisfy all the requirements for such a test program
and the Engineering Test Reactor (ETR) was far from operational. Therefore, the HTRE-2
was incorporated in the XMA-1A program for this purpose.

HTRE-2 testing was performed in the CTF at the Initial Engine Test (IET) facility at the
Idaho Test Station. The design of the HTRE-2 reactor (shown in Figure B5) was based on
the results of the design and operation of the HTRE-1. The insert hexagonal can is shown
in Figure B6, and the partially assembled reactor is shown in Figure B7. The same over-
all core dimensions, materials, and fuel tube geometry were used except that the seven
center fuel cells were omitted to create a void for testing the advanced reactor assemblies.

With the center hole left void the HTRE-2 was subcritical. With an insert in place, the
reactor was critical with an excess reactivity of from 1 to 6 percent depending on the test
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Fig. B5-IITR E-2 core, shield plug, and insert
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Fig. B6 -lexagonal HTR E-2 insert

190

4

1



191

Fig. B7 - Partially assembled HTIRE-2 reactor (C-04012)
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assembly used. The fuel assemblies were identical to those used in the HTRE-1; the reactor
was capable of reaching a power level of 20 megawatts.

Although the particular test assembly being tested determined the available excess re-
activity, the longitudinal and radial flux distribution in the parent core were not noticeably
affected. The airflow pressure drop, fuel element temperatures, and air temperature rise
were also essentially constant at any particular power level. The total power contributed
to the system by the various test assemblies was about 5 percent.

During HTRE-2 operation, 13 insert assemblies were tested. These assemblies can be
grouped into 3 general categories of materials: (1) Nichrome V fuel elements with hydrided
zirconium moderators, (2) iron-chromium-yttrium fuel elements, and (3) beryllium oxide
fuel elements. Tests of the first and third categories included evaluations of materials,
performance, design data, and reactor hazards. A typical insert assembly is shown in
Figure B8.

The HTRE-2 was operated for a total of 16, 628 megawatt-hours from July 1957 to March
1961. A total of 1353 on-test hours were accumulated. Although the reactor was partially
reloaded twice, four fuel cartridges were operated for a total of 997 on-test hours. Detailed
examination of these cartridges after operation revealed no evidence of deterioration.

Operation of the HTRE-2 continued, primarily evaluating flight reactor design para-
meters, until the national aircraft nuclear propulsion program was cancelled. HTRE-2
(which is now maintained on a standby basis) proved most flexible and useful even though
the requirements of later tests were not envisioned during the design of the system.

3. HTRE-3

The design of the HTRE-3 differs from the HTRE-1 and HTRE-2 in three basic ways:
(1) it has a solid moderator, (2) the reactor is horizontal, and (3) a single reactor supplies
the heat for two turbojet engines operating in parallel.

The HTRE-3 design was started in 1956; its purpose was to provide the technical infor-
mation needed for the design of the XMA-1A ground test prototype flight power plant. Al-
though the HTRE-3 did not incorporate all the design refinements that are now known to be
practical and was primarily a test tool, it is probably the most sophisticated gas cooled re-
actor that has been operated to date. A series of tests completed in the first part of 1960
proved that the system operated essentially as predicted. The HTRE-3 test assembly is
shown in Figure B9.

The active core of the HTRE-3 is 30 inches long and 51 inches in diameter. It is made
up of 150 cells which are surrounded by a 3-inch beryllium reflector. The reactor-shield
assembly is shown in Figure B10. The partially assembled reactor is shown in Figure B11.
All components of the reactor are cooled by the primary air from the turbojet compressor.
Each cell consists of a fuel cartridge inside a hydrided zirconium moderator. The fuel car-
tridges have 19 stages (Figure B12); each stage is made up of 12 concentric metallic rings.
These fuel elements have operated satisfactorily at temperatures up to 1900 0F for periods
in excess of 100 hours and at temperatures up to 20500 F for more than 25 hours.

The cross section of the moderator tube is hexagonal on the outside and circular on the
inside. The hydrogen content is varied (increasing radially outward from the center of the
core) for gross radial power flattening. The moderator has demonstrated a capability of
operating at temperatures up to 13000F for 100 hours without excessive oxidation or hydro-
gen loss. The moderator and fuel assembly is shown in Figure B13.
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Fig. 138- A typical HTRF,-2 insert
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Fig. B9--HTRE-3 test assembly

The beryllium reflector sectors are hexagonal blocks provided with longitudinal cooling
holes. The operating temperature of the reflector is held to a maximum of 1200 0 F by in-
sulation separating it from the active core.

The lead and water shielding is cooled by circulating the water between the lead slabs and
rejecting the heat to a water-to-water heat exchanger on the dolly. The Inconel X pressure

vessel supports the reactor, front and rear shield plugs, and the radial shield.

The reactor is controlled by control rods located at the interstices of moderator tubes;

there are 30 shim rods, 3 dynamic rods for power changes, and 15 safety rods which are
normally withdrawn except for shutdown.

The control rods (shown in Figure B14) are made up of short segments of clad europium
oxide held together by straps. This articulated design permits the necessary deflection as

the rod traverses its guide tube. These rods have operated satisfactorily at temperatures
up to 1600 0 F. With a rate of travel of 5 feet per second and a stroke of 20 inches, the rods
have been subjected to 34, 000 cycles under varying conditions without failure or malfunction.
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Fig. B10 -HTRE-3 reactor-shield assembly

The measured performance of the HTRE-3 was found to be essentially as predicted, thus
confirming the nuclear and aerothermodynamic calculations. The ability to control the
power distribution to a fine degree was proved. HTRE-3 operation led to certain improve-
ments and modifications in the control system that have been developed and tested. The
HTRE-3 demonstrated that a reactor of this type with a peak-to-average power ratio of
less than 1. 10, is entirely feasible and practicable. In addition, by demonstrating that air-
flow perturbations can be held to an insignificant amount HTRE-3 also proved that near-
maximum power can be produced within the temperature limitations of the materials.

The data obtained on the heating rates of moderator, shield, control rods, and structural
components have reduced the tolerance, and resulting degradation of performance, that was
necessary because of the previous uncertainties on these values. The automatic flux and
temperature controls were shown to be quite adequate for any transients that could be ex-
pected in a system of this type. The ability to handle the assembly remotely was demon-
strated in several assembly and disassembly operations. Much fabrication experience was
gained in the manufacture of lightweight structures of Inconel X and 17-7 PH stainless steel,
metallic fuel elements, hydrided zirconium moderator, control rod poison sections, etc.
Operation was demonstrated from startup to full power with nuclear heat only, thus showing
that auxiliary heat is not required in any portion of the operating range.

4. XMA-1A

The requirements of the XMA-1 nuclear turbojet project were determined by the require-
ments of Weapons System 125A and later, upon the cancellation of WS125A, by the require-
ments of the CAMAL weapons system. Although the requirements of these weapons systems
differed, the planning, design, development, and testing cycles for both engines were quite
similar. Studies performed by GE-ANPD, as well as by Convair and other contractors,
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Fig. B11-Partially assembled HTRE-3 reactor (C-13822)

Fig. B12-IITRE-3 fuel element (C-20397)
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Fig. B13-HTRE-3 moderator and fuel assembly

Fig. 314 - IITR E-3 control rod

clarified the magnitude and complexities of the research, development, testing, and oper-
ations involved. The component development and evaluation provided a good measure of
the eventual practicalities of the XMA-1 system.

The design of XMA-1A consists of an assembly of two sets of X211 turbomachinery can-
tilevered from the reactor-shield assembly (See Figure B15). The reactor-shield assembly
is positioned between the compressor-turbine shafts of the sets of turbomachinery which
are spaced as closely together as possible. Because the spacing of the shafts is less than
the outside diameter of the shield, the shafts penetrate the outer side shield. This configu-
ration minimizes the frontal area by hiding much of the reactor-shield assembly behind the
frontal area of the turbomachinery.

The compressor exit air is collected in a manifold at the front of the reactor-shield
assembly and directed to the reactor inlet through a "wavy-walled" front shield plug. The
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Fig. B15-XMA-lA power plant

front shield plug diverts the air through wavy channels to provide maximum porosity (for

minimum air drag) while providing a maximum shield obstruction to radiation from the

core. The wavy walls are contained within a cylindrical structural shell. A shutter is pro-
vided on the front of the wavy walls to allow shutoff of the air through the reactor to mini-

mize drag in the event of an airborne shutdown, and to permit partial or complete chemical

operation.

The front shield plug is inserted into and attached to the forward flange of a cylindrical
pressure vessel, which provides the structural carry through from the cantilevered com-

pressors and turbines. The pressure vessel also contains the reactor and rear shield plug.
The nuclear engine package is installed by means of trunnions attached to the pressure ves-
sel.

The reactor core (shown in Figure B16) is located immediately behind the front shield
plug within the pressure vessel. The core consists of the tube sheet plate assembly, tube
sheet, support plate, reflector, outer and center moderator, reflector backing plate, fuel
elements, and control rods. The tube sheet, tube sheet plate assembly, and support plate
are designed to accurately position and support the moderators. The reflector surrounds
the reactor core and is restrained by the reflector backing plate. The metallic fuel ele-
ments, are of the concentric ring type. An XMA-1A fuel stage is shown in Figure B17.

The basic components of the HTRE-3 reactor, with modifications, are used in the XMA-
1A reactor. The fuel elements, moderator, and reflector are fabricated of the same ma-

terials (NiCr-U0 2 , ZrHx, and Be, respectively). Although the program was discontinued
approximately upon completion of the final design, the HTRE-3 tests and the XMA-1A re-

actor components tested indicated that the reactor would have been easily capable of pro-
ducing the performance requirements - 750 megawatts and a reactor discharge tempera-

ture of 15000 F for a life of several times the specified 100 hours.
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Fig. B16-XMA-1A reactor core



200

Fig. B17-XMA-1A fuel stage

Several design improvements were incorporated in the XMA-1A. The designs were ex-
tensively tested and their validity has been demonstrated. The fuel elements, 3-inch con-
centric rings, contained a center moderator rod. The increased 3-inch stage length, pre-

viously 1. 5 inches in the HTRE's, reduced the pressure drop, and the center moderator
rod improved the neutron economy and made complete fine radial power flattening possible.
Also, the cartridge was assembled by welding the unfueled outer rings together. This pro-
duced a stronger assembly (previously, stages were joined with rails) and allowed a fine
control of the outer flow annulus. The moderator sections were full-length extruded mem-

bers provided with cooling holes. The members were triflute (for the moderator outside
the fuel cartridge - Figure B18) and circular (for the rod in the center of the fuel cartridge
- Figure B19). All pieces were hydrided equally as power flattening was accomplished by

varying the diameter of the center rod in the fuel cell. The performance of full-scale fuel
cartridges was demonstrated in ETR tests at fuel plate temperatures up to 23000 F. Mod-
erator pieces were tested at temperatures up to 1300 0 F without excessive hydrogen loss

or oxidation.

The rear shield plug assembly of the XMA-1A is similar to the front shield plug, and
is attached to the rear flange of the pressure vessel.

Control of the reactor is by the use of poison type control rods penetrating the moderator
segments. The control rods are ganged into control frames located in front of the front
shield plug. Each of these frames is actuated by linear actuators located within the envel-
ope between the compressors. The control rods travel the full length of the reactor. A typ-
ical rod is shown in Figure B20.
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APPENDIX C

This appendix consists of reports from George G. Sharp, Inc., Marine Designers,
detailing the results of their analyses and evaluations of the 630A nuclear steam genera-
tor.

The following specific topics are covered by the reports, which have been numbered
for convenient reference:

Report No. 1 - Evaluation of the 630A for marine application
2 - Containment

3 - Comparative operating costs - coastwise route
4 - Selection of cycle conditions
5 - Additional structural steel required
6 - Review of system heat balance at normal power
7 - Weight of 630A conventional machinery
8 - Installed cost of conventional machinery
9 - Refueling time

10 - 23-knot container ship

The changes made in Report No. 10 are the result of a review of the data during which
a few relatively minor discrepancies were discovered.
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GEORGE G. SHARP, INC. MARINE DESIGN 30 CHURCH STREET NEW YORK 7, N.Y.

MEMORANDUM

January 18, 1962
Revised Feb. 1, 1962

SUBJECT: N-6021 - Gas Cooled Nuclear Plant
Consulting Services for General Electric Co.

' EVALUATION OF GENERAL ELECTRIC 63CA GAS COOLED*
REACTOR FOR MRINE APPLICATION

The most important factors in evaluating a reactor for marine
application are: safety, fuel cycle cost, weight, volume and capital costs.
Fuel cycle cost is one of the important and obvious parameters in evaluating
the advantages of a given plant. All the proposed cycles for marine applica-
tion, including the one under consideration, show a promise of bettering the
fuel cycle cost by various percentages in the future. Thus, the volume,
weight and capital cost become of paramount importance in arriving at a
best all around choice. The correct choice of a cycle with various combina-
tions of the four variables is a function of the specific application.

For instance, if an ore carrier is to be propelled by nuclear
power, volume of the nuclear plant is of no importance, weight has a minor
effect, but the choice would rest on the plant with the lowest fuel cycle
and capital cost. However, ore carriers a re not a particularly good choice
since the overall economics of this form of transportation requires com-
paratively low speeds which are obtained by a power rating below the thresh-
old which would be considered for a nuclear plant.

The majority of ships where nuclear power can be applied fall
in the moderate to high speed range. They include, fast freighters of
various types, high speed passenger ships and large tankers, In all of
these applications the size and weight of the plant is of paramount impor-
tance. If the nuclear plant is heavier and requires a largervolumie than
the conventional plant, the economic penalty attached to the use of
nuclear power may be greater than any possible recapture on fuel cycle
cost. For instance, on a modern 21 knot freighter the conventional
rower plan will fit in an engine room approximately fifty five feet
long and extending the width of the ship. It has not been found possible
to install any of the water moderated reactors in this space with the
possible exception of the direct cycle EWR. This situation is further
aggravated by the rule which requires all radioactive systems -co be
inboard of the ships side by 20% of the maximum beam. The result of
the above is that for equal carrying capacity the nuclear ship must
be longer thus raising the basic ship cost of the nuclear ship above
the conventional. With some proposed nuclear cycles this increase in
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GEORGE G. SHARP, INC. MARINE DESIGN 30 CHURCH STREET NEW YORK 7, N.Y.

-2-.
N-6021 - EVALUATION OF GENERAL ELECTRIC January 18, 1962

ANP GAS COOLED REACTOR FOR MARINE Revised Feb. 1, 1962
APPLICATION- I

capital cost will offset any possible savings from fuel cycle cost even if
extrapolated out for fifteen years.

Usually associated with a voluminous nuclear package is high
weight. One of the potential advantages of nuclear power is a reduction
in the percentage of the ship's weight devoted to pcwering. This advantage
:s particularly significant in high powered, high speed vessels. It is
obvious that in order to gain this advantage, the nuclear plant must not
be excessively heavy. The proposed gas cooled plant is lighter by a factor
of foar or five to its closest water moderated rival (the BWR direct cycle)
and thus enjoys an overriding advantage over other reactors for certain
applications.

During 1960 a study was performed by Sharp with the
objective of investigating the general. feasibility and economics of
the application of various type reactors to a variety of ship types
and size. Amongst these selected vessels were a transpacific liner
for which a conventional design exists. Investigation of the legis-
lative hearing authorizing this liner indicated that the design speed
of 26 knrots was a compromise between the desired speed and the- economic
penalty associated with the need for a large fossil fuel inventory.
During this hearing, a Navy spokesman stated that a speed of over 30 knots
would have been lore desirable from a national defense viewpoint e Since
nuclear power is not handicaped by the need of a large fuel inventory,
the study was performed for two speed to ascertain the effect of speed
on the economics of nuclear power. Of the many reactors considered
the boiling water direct cycle was chosen because of its relatively low overall
weight and capital cost. It was shown that the twenty-six riot liner
powered by a nuclear reactor had a unit transportation cost only one
percent greater than the equivalent o:.l fired ship. The 31 knot nuclear
liner had a unit transportation cost which was slightly less than the
conventional ship.

The reactor selected for this application had the lowest capital
cost of all those considered. However, it was more expensive than the
steam generating plant it replaced by a. factor of three or more. In addition,
the propulsion plant of the nuclear ship was considerably more exrnsive
than that of the conventional due to the use of sat-; rated steam in the nuclear
plant. The key to the results obtained on the liner is the low percentage of
ship displacement devoted to propulsion for the nuclear shin and its effect
on the overall cost of the ship.
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NEMOPANDUN

SUBJECT: N.-6021- Gas Cooled Nuclear Plant
Consulting Services for GneralEectric Co

I COTAINliEN', G.E. GAS COOLED REACTOR I

All commercial nuclear power plants built in the United
States :inclw3e a gas-tight vessel, vhich envelope portions of the
nuclear plant. This envelope provides a .Last barrier against the
release of gases and vision products that may be released following
a rupture or break in the primary system.

The containment design pressure must be equal to the highest
pressure developed in the "maxi-um creditable accident", which is
usually interpreted to be the most svere reactor rupture accident
to which it is reasonable to assign a possibility of occurence o In
the case of water cooled systems, it is considered to be an instan-

taneous complete severarne of the largest line penetretin the reactor
vessel or a reasonable sized large ductile-type break or tearing of
the reactor vessel, if it results in a more conservative design.

It has become accepted practice to build this gas-tight envelope
as a pressure vessel in accordance with the ASME Code for unfire pressure
vessels and special rulings issued by the Code Committee. A considerable
number of containment vessels have been built to date, and all vessels
built for commercial enterprise have contained the code stamp, whereas
those built for the Government do not generally require the stamp.

The ty-pe of reactor is a factor in containment, all
installations are for liquid-cooled heterogeneous reactors,, The gas-
cooled reactor which has been popular in England for which, over there,
as escaped the burden of containment; has been authorized for construction

in the U. S. also, but it is not known at this time if a containment vos
sel will be reciuired. However, attention is invited to the opinion of
some nuclear scientists, that containment will be required as long as
fission is used as the source of wwxer,
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Containment has a significant effect on the capital cost of
a nuclear power plant and methods of cutting the cost of containment
are employed. Use of unfired pressure vessels designed for repeated
cyclic stress in an application intended as a sone shot affair results
in redundent strength in the containment vessel; it seems logical,
therefore, to consider the possibility of increasing the allowable
stresses. Such an increase should not be inordinately high, since the
consequences of a containment vessel failture would be extremely serious,
but a reduction in the factor of safety to 3 to 3. might be expected,

A movement is underway by the American Standards Association
sponsored jointly by the American Nuclear Society and the American
Society of Mechanical Engineers to establish safety standards for re-
actors. It is certain that the installations which have been completed
will influence the standards to be developed since they actually re-
present a fair cross-section of the opinions of people now engaged in
the design of nuclear plants, There are probably numerous advantages
to keeping the code regulation of containment vessels as a part of
the ASME Pressure Vessel Code, since this can be incorporated as a re-
vision to a code which is widely recognized in most states and as such
would not encounter the confusion and delay to which an entirely new code
would be subjected,, In addition, it seems logical to argue that all con-
tainment vessels built in this country should conform to the same criteria,
except for whatever variation may be logical between populated and un-
populated areas.

The selection of size and shape of the containment vessels are
a function of several factors: The available floor area at various levels
can be a major factor for certain types of plants. Thus, w.bere operating
floor requirements are similar at various elevations, the use of a cy.Lin-
drical vessel may be indicated. For a constant volume and pressure, a
sphere utilizes less plate than other shape and is generally cheaper, al-
though the higher cost of dihhed plates tends to reduce this advantage.
It is interesting to note that if pressure, shape of vessel, and volume
are maintained constant, it riakes no difference in total weight if one
vessel or several smaller ones of the same shape are used., Analysis
shows that a cylindrical vessel is 15% heavier than a spherical vessel
designed for the same pressure and volume, but is actually lighter than
a spherical vessel designed for larger volumes and smaller pressures,
Thus, it appears that major economics in the cost of ccntinment can bo
achieved through the use of high design pressures together with cylindrical
vessels since this will permit reduction in volume without impairing the
efficiency of the plant layout. In addition, greater size of the con,
tainment vessel results in an increased cost for the collision barrier.
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It appears that containment of some forh will be an integral re-
quirement for any commercial nuclear power plant of the types now considered.
There is little doubt that this requirement will include shipboard in-
stallation, since an extensive precedent for containment has been set ftr
commercial installations and by the N.3."Savannah". *lrther, it can
logically be argued that ships are at times in a position to seriously
jeopardize large pcpa mtion centers and that they are more subject to
catastrophe than stationary plants. In addition, they must meet the
safeguard requirements of foreign countries.

The rules for the design testing and construction of contain--
ment vessels will be codified and will be similar in scope and philosphy
to the section for unfired pressure vessels. The inclusion of this code
in the Marine Engineering Regulations and Material Specifications of the
U.S. Coast Guard is to be anticipated in the same manner that the ASME
Pressure Vessel Code was included. Further, it is not likely that the
Coast Guard will liberalize this code since past experience indicates the
contrary. A strength test will, no doubt, be required for containment.
It is, in fact, difficult to argue against such a test in the face of
universal acceptance of such test, wherever safety is involved; for in-
stance, boiler pressure vessels, bottles containing dangerous gas, are
all strength tested even where they are simple and thousands have been
built.

In view of the above history of containment, it is doubtful
that the ANP gas cooled reactor will be acceptable without containment
to regulatory bodies having jurisdiction over ships. It is probable,
however, that the gas cooled reactor will be economically penalized
less than water cooled reaction by containment.

The gas cooled reactor contains less energy in the primary
system than other proposed reactor, hence a smaller compact containment
can be selected. The usual practice on water moderated reactors is to
make the containment as small as possible, limited to a containment
thickness of less than one and a half inches, thus eliminating the cost
penalty of field stress relieving. The small component sizes and low
energy of the gas cooled reactor give a mush greater flexibility in
containment design. It would appear that the best solution for this
reactor system is to use the external shell of the neutron shield tank
as a containment vessel thus retaining the desirable compact character-
istic of this cycle.

A. P. Hirth

cc: DCMacM VKH PPG BT APH
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January 30, 1962

N.6O21 Gas-=Cooled Nuclear Power Plant
Consulting Services for General Electric

I C l OiTS o RLVlEW OF G. E. Co.
OPERATING COST ESTINATh OF OCTOBER 17, 1961

The following is a cparison of the 630A reactor cost
sumany with the G. G. Sharp ?.6019 otdy :vhich was for the same prototype
tanker used by Ceorral Electric:

U. S. Coastwise Cost Sunmary (1930 mi. 8eg)

G.E. Memorandum

Capija OoOst5

Steam Supply

Main Propulsion

Hull & Outf it

Nuclear Plant Steel

Cost of Construction
Fbnds

Total

630A

3,119

4,161

Co ventional

672

4,161

9,161 * 9,165

76 %

1,340 S,0 so

17'561 * 15,048

_PWR

5,770

5,267

lo,64

(seo.
text)

1,617

23,258

G.G.Sharp N.6019
Conventnal-I730
C47-30 Advnred NRJR

4,250o 20
4,200

9,060 9,130

... 615

1,120 1,455

15,900 20,770

* Modified as described below

The totals agree quit? closely with the N-6019 study for both
nuclear and corrontional. However the breakdown indicates some discrepancies.
Sharp studies show a separate item called nuclear steel and this includes all
structural or tank steel above the conventional hull steel which is required as
a result of using nuclear power.

The N-147-30 design which came fundamentally from the same proto-
type as the G.E. study differed in thro significant respects. The reactor pack-
age was riuch larger and heavier than 630A, and was installed among the cargo tanks
forward of the Engine Room to save the high cost and weight penalty associated
with secondary shielding. This required explosion protection in the form of
cofferdam plus the addition of a double bottom in way of the reactor compartment.
In addition, cofferdanc capable of containing water were added for shielding
when the ship was in ballast or when butterworthing. The total weight of

SUBJECT:
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G.E.Co. Operating Cost V..6021

Estirate - 2 -

nuclear steel for N-6019 w s1040 tons, of which 46') was collision barrier,
It would be desirable to add a nuclear steel item to the G.E. study. The
630A plant as shown in G.E. drawing is installed on the flat where the
original boilers are installed This eliminates the need for explosion
protection and the addition of a separate double bottom. The shielding
concept of 630A also eliminates the need for a floodable cofferdam. There
remains foundation and collision barriers. The collision barrier and
foundation shown on 0, G0S. Dwg G.E. 630A, weights 102 and 28 tons respect-
ively, with a total added cost of $76,000 as against 1040 tons at a cost of
$615,ooo for the FPR plant.

The hull and outfit costs of the G.Er study already includes
the items mentioned above and it is recommended that the number 10,6o4 be
changed to 9,561 and that the collision barrier and foundation be shown as
a separate item.

AFH: mld A. P. Hirth

cc: DCacM VKH RPG BT DI. APH VWR
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SUBJECT: N-6021 - Gas Cooled Nuclear Plant
Consulting Services for General Electric Co.

I SELECTION OF CYCLE CONDITIONS AT 850 PSIG-950 F1

During World War II the U .S. Navy universally accepted a pressure
of 600 psig-850F for combatant ship. Thring this period merchant ships
were designed for 450 psig-750 F.

Experience gained on Naval plants as well as the higher horsepowers
of the post-war merchant ships gradually led to the application of 600 psig-
850 F to merchant ships. These steam conditions have been standard for the
past ten years for most merchant ships. Naval plants on the other hand have
adopted higher pressures and temperatures. The incentive for higher pres-
sures and temperatures for steam cycles is dictated by an increasing need
for better economy. The increased thermodynamic efficiency obtained from
raising pressure and temperature is partially offset by lower engine ef-
ficiencies of the turbine stages operating with dense high pressure steam.
This decrease of engine efficiency is a strong function of total plant
size, hence the require cents for power raise the incentive for adopting
higher pressure and temperatures. At this time there is a trend to higher
conditions than 600 psig-850 F with a number of plants already operating
in the 850 psig-950 F range and higher.

After considerable study by the General Electric Co. and this
office, 850 psig-950 F throttle steam conditions have been established as
a standard for "Packaged Power Plants" that are offered for sale to foreign
ship operators by the International General Electric Co. For these plants
care was taken to select pressure and temperature conditions that were
entirely reliable and would result in the best overall economy considering
both fuel and xvaintenancc costs

Opposing the advantages of higher cycle efficiencies are certain
operating difficulties which inhibit the operator in his choice of higher
steam conditions. Foremost of these are the difficulties encountered by
boilers with advanced steam conditions burning residual oil, These con-
sist of slagging and corrosion This tends to raise the upkeep of boilers
and reduce availability. On higher pressure, higher temperature boilers
there is also a need for better control over feed and boiler water chemistry.
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N-6O21 - SELECTroN OF CYCLE CONDIINS
AT 850 PSIG-950 F

January 31, 1962

Selecting 850 psig and 950 F for the cycle of 630A reactor is
a proper decision. The plants to which it would be applied are large
by marine standards and the reduction in engine efficiency will be small,
thus permitting high cycle efficiency. In the nuclear plant the effect
of Slagging and boiler corrosion is non-existant and since a nuclear
plant inherently requires accurate water treatment no extra penalty is
incurred.

APH/rh A.P.Hirth

cc: DC24acM VKH RPG BTDLG APH
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SUBJECOT: N-6021 ^ Gas Cooled Nuclear Plant
Consulting Services for General Electric Co.

I GENERAL ELEXTRIC AIR COOLED REACTOR 630k
ADDITIONAL STRUCTURAL STEEL REQUIRED FOR NUCLEAR SIP

The additional structural steel required for a nuclear ship
with the 630 reactor over a conventional ship with fossil fired steam
boilers is less than arn reactor previously considered for nuclear power.
The reasons for this advantage are the low weight of the nuclear steam
generating package as well as its small size. Thus in the General Electric
study the 630A package was located in the same location as the conventional
boiler of the Esso tanker while in the N-4-7-30 tanker of the N-6019 study,
the reactor had to be located among the cargo tanks. This location per-
mitted the use of cargo shielding thus eliminating the need for secondary
shielding which is the heaviet component of a I R steam generating plant.
However, this location required a double bottom, fire and explosion cofferdam,
shielding cofferdam, and horizontal decks for the collision barrier. In
the 630A study the double bottoms are already installed, and there is no need
for any cofferdams. The collision barrier merely consists of adding double
plates to existing decks. In addition, the small size of the reactor re-
quires a mnch shorter collision barrier.

Nuclear Plant Stool

N-47-30
Coffordamasr in ;ay of reactor 127 -
Shield tanks 177
Decay heat removal tank 18 -
House over reactor space 58
Nuclear foundation 50 28
Additional transverse teb 90
Innerbottom and floors 110

580 28

Colliion barrier 1460 102

Nuclear steel total (ton') 10140 130

Cost of nuclear steol at #590/ton 0$615,O 0$76,000



214
GEORGE G. SHARP, INC. MARINE DESIGN 30 CHURCH STREET NEW YORK 7, N.Y.

0

IN-6021 -- G.E. Air Cooled Reactor 630;I
Nuclear steel b2 d January 31, 1962

Revised February 1, 1962

The form of the collision barrier is shoun schematically for 630&i
on the foundation drawing. Following the analyses developed for N.S.
SAVANH,only structural members having their principal diUension in the
direction of the strilig ship (decks, etc.) are considered to contribute
to collision resistance.

A.P. Hirth

APH/ebf

cc: DCMacH VKH RPG BT DIG APH
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SUBJECT: N-6021 - Gas Cooled Nuclear Plant
Consulting Services for General Electric Co.

I REVIEW OF NORMAL POWER HEAT BALANCE DIAGRAM I

This office has reviewed the normal power, 27,300 shp heat
balance for project 6301, dated October 11, 1961, and the following comments
are offered:

1. It is noted that the power developed by the main turbines does
not account for the mechanical, packing leakage and astern rotational losses
for the main unit. It is estimated that these losses would amount to about
5.4% of the turbine power output and this would increase the required reactor
output by about 3.0 W4.

2. It is noted that the steam enthalpy at the low pressure turbine
exhaust is higher than that calculated when using the exhaust loss for a G.E.
turbine frame size 1iC 90-l8.3. However, the value could be correct if a
different frame was intended for this application. Based on our calculations
the expected end point enthalpy would be 987.2 Btu/lb. in lieu of 995.2 Btu/
lb. and this would decrease the required reactor output by about 1.0 )i.

3, It is noted that the heat balance diagrams do not show the steam
flow to air eajectors and the gland leakoff flows and that no allowance is
made for steam losses. If these flows are taken into consideration, the
effect would be to increase the steam load by about one percent unless me-
chanical air removal equipment is used in which case the effect would be
about one half this amount.

I. Rolli
IR/ebf

cc: DCMacM VKH RPG APH KMS IR
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1-6021 Gas Cooled Nuclear Plant
Consulting Services for Genera. Electric Co.
WEIGHT OF CONVEINTIONAL MACHINERY

The following is the estinuted weight for the conventional
portion. of the steam power plant for the mnclesr 630A reactor arranged on
tse basis of Narad Group numbers.

Item

ain propulsion machinery

Feed and Condensate

Evaporator System

Shafting & Propeller

Lubricating Oil System

Service Comp. Air Serv. System

Ste Piping

Miscellaneous ship spares, lifting gear,
m cbinery space vent. and workshops

Sffachin ry liquid

farad

Group..os.-

21

22-.2

23.4

24-1

25-1

27-0

28-0O

292

Weight
Tons *

348

63

19

171

37

u

134

92

130

Total Machinery Conventional
Less Nuclear Portion (Gr. 20-29)

ELectric Plant

998 tons

19-3

Total machinery and Electric

*All tov5 are of 2240 lbs.

1033

SUBJECT:s
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The above does not include weights for the nuclear reactor,
shiolding, containment, reactor auxiliary syteras, nuclear control systems,
tckc-4io arrtnge rnnts, demineralizer systems and nuclear storage systems.

APi: mld As P. Hirth

cc: DC ac[ VKB RPG BT
DLO V t APH

GEORGE G. SHARP, INC.
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N-6021 - Gas Cooled Nuclear Plant
Consulting Services for General Electric Co.

I INSTALLED COST OF CONVENTIONAL (NON..NUCLEAR) EQUIPMENT I

The following is an estimate of the installed cost of the Ofm
nuclear components of the propulsion plant. The list does not include
items which are considered ship's service auxiliaries, such as sanitary
pumps, fire pumps, bilge pumps, etc., nor does it include dsrineralizer

The estimated costs are:

Main Turbine, Reduction Gear and
Thrust Bearing

Shafting, Propeller and Stern
Tube

Main Condenser and Vacuum Pumps
Auxiliary Boilers and Fuel Oil

Service System
Steam Piping Systems Including

Main Steam, Exhaust, Escape
and Auxiliary Steam

Lube Oil Piping
Othor Piping
Evaporating Systems
Pumps
Engine Room Ventilation and

Miscellaneous
Access
Work Shop
Non-structural Tanks
Ship's Sorvie Electric Generators

and Condensor
Emergency Gonsrator
Switch Gear and ring

Total material Items
installation
Engineering and Drafting
Cverhead

Grand Total

VWR/ebfi
co: DCiacM VKH RAG 1T DLG APH VWR

$1,355,000

168,000
127 r000

15,000

120,000
30,000

137,000
60,000

140,000

95,000
10,000
10,000
i5;000

229,000
25,000

$2,776,000
703.,000
120,000

$4s,0

$ , w iO, 000

V-W. Ridley

SUBJECT:
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SUBJECT: N-6021-- Gas Cooled Nuclear Plant
Consulting Services for Gemral Electric Co.

I REFUELING TIME FOR 63(1 REACT(R PLANT' I

A refueling estimate of three days for this reactor is
highly desirable and is considered entirely feasible to accomplish in the
repair yards that could contract to do this work. The ability to refuel
rapidly is a function of the smal core and the fuel cycle concept and
in certain applications would be a strong economic asset.

The lift capacity of major yards are capable of handling
the head, core and core plug together with the cask. The latest General
Electric concept where the assembly would be lifted into the cask by ship-
board devices would permit the use of water born cranes which are available
in all major ports of the United States. This would further relieve re-
strictions on refueling sites.

APH:mld A. P. Hirth

cc: DCIacM VKH RPG APH
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SUBJECT: N-6021 - Gas Cooled Nuclear Plant
Consulting Services for Genaral Electric Co.

I ECONOMIC STUD! ON CONTAINERSHIP I

The characteristics of the 630E gas cooled reactor were substituted
in a previous study (N,,6014) of a 23 knot containership. This study
included a comparison between a 23 knot containership powered by a
chemical plant and the equivalent ship powered by a direct cycle BI and
a cross cor-oound geared turbine. The route chosen was New York to Puerto
Rico with 85% cargo capacity both mays' In the original studr the nuclear
ship had an operating cost 14% higher than the conventional.

Substitution of the 6304 reactor in place of the BWR resulted in the
nuclear ship having an operating cost of only 4.5% higher than the chemical
ship despite the higher f tel cost of the 630 plant when compared with the
BWR. The gain would have been greater in a longer run, however, the data
available was for the Puerto Rican route and time did not permit the gener-
ation of ne data or optimiing the nuclear ship. It appears that on a
longer run the two plants would be at an economic standoff.

A.P. Hirth

APH/ebf

cc: DCIacM VKH RP MAPH
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23 KNOT CONTAINERSHIP

CHARACTERISTICS, WEIGHT AND CONSTRUCTION COST

CHARACTERISTICS

LBP xzBeam x Depth . .. ".." .-. "---.

Draft ( m)amnm ) . . . . . . . . a . . . ..

Block Coefficient at Maximum Draft . . .

Displacement at Maximum Draft . . . . . .

Light Ship Weight . . . . . . . .. . . .

Deadweight at Maximum Draft.. . . . .

Cargo Deadweight at Maximum raftt. . . . .

No. of 200' Containers (1,070 cu.ft./Cont).

Type Propulsiono . . . . . . . . ...

Steam Supply. .. .. .". . . . . .. " .

Shaft Horsepower (Normal). . . . . . . .

Speed (at Normal SHP & Average Draft) .

Crew o ." .o . o. ",ao,". ,. ". . .".". .

LIGHT SHIP WEIGHT (Long Tons)

Steel:
Hull. .. .... ".o .o ... "."

Nuclear . .... . . . . . .

Outfitt
Hull and Crew . . ... ,. . . . . . .
Cargo Handling (6 Cranes) . . . . . .
Containers. . .

Machinery:
Propusion. . . . . . .. .... .
Nuclear . . . * . *****. -- " --

Tak Home . . . .. .-.. .....-..
Secondary Shielding (steel slab). . . . .

LIGHT SHIP. . . . . . . . . . . .. .. .

COSTRUCTION COST SUIZERU ($1oo units)
Steels

Nuclear............. ..

Outfit:
Hull and Crew..........."...... ..
Cargo Handling. . . . . . . . . . . . . .

Machinery:
Propulsion". .. . . .. "...".". . .
Nuclear.... ..... ...... . .
Take Ho.e . ...........
Secondary Shiolding (steel slab) . .

Cost of Construction Funds . . . . . . .

TOTAL CAPITAL COST (exl. containers)* . .

* Container costs taken as operating cost

Conventional A630

55'' x3? 1191 550'82'x49'

32' 32'

.53 .52

,21,900 -21,220

10,600 10,720

11,300 10,500

10,000 10,000

700 700

Single Screw Geared Steam Turbine

Oil Fired Boilers 1 Reactor

28,000 27,500

23 23

52 50

5,700

1,600
600

1, 250

1,60

3,770

h,800
1,920

5,300

1,180

16,900

5,700
130

1,625
600

1,250

880
315

50

10.,720

3,700
76

14,800
1,920

!4,800
3,&92,'

250

Qj ,5-0)t,

SECTION 8B
221
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SECTION 8B

ECONOMIC CONARISON

SHIP: 23 Knot Container Ship

ROUTE: New York, Puerto Rico

ROUND TRIP hIfSTANCE: 2,800 Iiles

LOA DING: 85 Cargo Capacity Both Ways

I SCHETXJLE

Average Speed, kn ots. . . . . . . .

Days at Sea . . . .. . .4e . . .

Days in Port . . . . . . . . . . . ..

Days per Round Trip . . . . . . . . .

Round Trips per Year (350 days) . . .

II ANNUAL CARGO CAPACITY - (long tons)

Total Deadweight. . . . . . . . . .

Fuel Oil (Round Trip) . . . . . . ..

Crew, Storas, Fresh Water . . . . . .

Cargo Deadweight. . . . . . . .

Cargo Carried per Round Trip. . . .

Cargo Carried per Year. . . . .

III ANNUAL OPERATING COSTS - $1000

Crow s Wages and Subsistence. . . .

Stores and Supplies - Conventional.
Nuclear . . .

Haintenanco & Repair- Conentional
Nuclear. . .

Refueling Charge, . . . . . . . . . .

Container Costs . . . . . . . . . . .

Port Foes, Overhead & Miscellaneous

Interest, Deprciation & Insurance.

Fuel Costs . . . . . . . . . . . . ..

TOTAL ANNUAL OPERATING COSTS. . * .

Ratio to Conentional

IT CARGO TRANSPORTATION COST PER LONG TON

N 6=10
January 31, 1962

Conventional

23

5.07

1.93

7

50

11,300

1,000

300

10,000

17,000

850,000

38

83

805

100

1,605

693

3,859

1.00

A630

23

5.07

1.93

7

50

10,500

200

300

10,000

17,000

850,000

38

35

17

805

100

S.~ 24

.J.,Q8- qi7S
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